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ABSTRACT

This study addresses the question of how the interaction between a 
perennial Cardamine pratensis (L.) and one of its seed predators Antho- 
charis cardamines (L.) influences the dynamics of each population.

The phenology and dynamics of C. pratensis (Cruciferae) are described. 
Failure to realise potential seed production due to physiological factors 
and seed mortality due to herbivores are quantified. The importance of a 
given factor is highly variable. The worst damage is inflicted on high 
density stalks by slugs and weevils. Seed mortality is as high as 98%, 
however field germination experiments demonstrate that the impact of this 
seed loss is small. High densities of seedlings are unable to establish in 
the closed sward of marshy vegetation. The effect of flowerhead feeding on 
rhizcme weight, over-winter plant survivorship, flowering and host plant 
selection the next year is explored and is also small.

The dynamics of A. cardamines (Pieridae) are described, and the in
fluence of C. pratensis is assessed in the context of other factors such as 
sunshine hours, predation and the usage of alternative host plants. The 
quantity of food available to the fifth instar and temperature both in
fluence female pupal weight, egg load, wing span and daily oviposition 
rate. Realised fecundity is affected by flcwerstalk density, 5-10% of 
stalks at a site are utilised. It is suggested that discovery of new food 
plants by larvae occurs most frequently in high density clumps of stalks 
and that interference competition between females for such plants results 
in the overall low proportion of stalks utilised. Greenhouse experiments 
lend support to this hypothesis. Larval survivorship is also correlated 
with flowerstalk size, but evidence of density dependent egg predation is 
also presented and parasitism by a species of Hyposoter is recorded for the 
first time.

It is concluded that this plant-herbivore relationship is asymmetric, 
the plant has a much greater effect on the herbivore than the herbivore has 
on the plant.
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CHAPTER 1: GENERAL INTRODUCTION

1.1 INTRODUCTION
The majority of studies on host plant herbivore systems have, until 

very recently, concentrated on aspects of the interaction which have been 
forged in evolutionary time. They have tended to focus either on the 
chemical/nutritional/physical arms race between the interacting species 
(see Table 1.1a) or on the influence of the plant on herbivore community 
structure (see Table 1.1b) or on pollination and the benefits of herbivores 
(see Table 1.1c). Exactly how these evolutionary changes transpire in eco
logical time has rarely been examined experimentally. The effect on the 
herbivore of the plant's defence chemicals or nutrient state is frequently 
judged just from the results of a bioassay, either in the form of a palat- 
ability or preference test (see Table 1.2a) or a test in which the herbi
vore feeds on different plants and the effect on fecundity, development 
time, feeding efficiency etc. is monitored (see Table 1.2b). In many cases 
these bioassays are conducted in the laboratory and do not attempt to 
relate the effects to the dynamics in the field where predators, parasites 
and competitors may have an equally important role.

The effects of the plant-herbivore interaction on the plant have been 
dealt with in an even less satisfactory manner. Most studies simply assume 
that plant fitness is adversely affected by herbivores, and that this is 
the selective force causing plants to produce chemicals which kill or 
reduce the fitness of herbivores. Whilst this reasoning is highly 
plausible, very few studies have actually attempted to demonstrate or 
measure this fitness loss directly, and one school of thought speculates 
that herbivores are actually beneficial to the plants which they attack 
(Owen, 1980, Owen & Wiegert, 1981)1 A number of studies have measured loss 
of reproductive potential in terms of reduction in fruit set or seed pro
duction caused by the herbivore (Breedlove & Ehrlich, 1968; Janzen, 1969, 
1971a; Bohart & Koerber, 1972; Beattie et al_., 1973; Platt, Hill & Clark, 
1974; Bentley, Whittaker & Malloch, 1980; Dirzo & Harper, 1980; Stephenson, 
1980; DeSteven, 1981; Myers, 1981; Louda, 1983a, 1984), but very few 
studies have examined the consequences with respect to plant recruitment, 
competition or long term mortality (Harris, 1973; Waloff & Richards, 1977; 
Whittaker, 1979, 1982; Dirzo & Harper, 1980; Rausher & Feeny, 1980; Islam & 
Crawley, 1983; Cottam, 1985; Crawley & Nachapong, 1985; Labeyrie, unpubl.; 
Mook, unpubl.; Scott, unpubl.).
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Table 1.1a : Some examples of the literature concerning the chemical/
nutritional/physical arms race between interacting species.

(Dethier, 1941, 1970; Fraenkel, 1959, 1969; Thorsteinson, 1960; Hovanitz & 
Chang, 1963c; Beck, 1965; Ehrlich & Raven, 1965; Feeny & Bostock, 1968a; 
Feeny, 1969, 1970, 1976; Janzen, 1969, 1971a; Gilbert, 1971; Krieger,
Feeny & Wilkinson, 1971; Breedlove & Ehrlich, 1972; Dolinger et al., 1973; 
Edgar & Culvenor, 1974; Benson, Brown & Gilbert, 1975; Gilbert & Singer, 
1975; Wiklund, 1975a; Astatt & O'Dowd, 1976; Levin, 1976; Rhoades & Cates, 
1976; Brattsen, Wilkinson & Eisner, 1977; Fox & Macauley, 1977; Edmunds & 
Alstad, 1978; Benson, 1978; Maiorana, 1978; Moran & Hamilton, 1980; Beren- 
baum, 1981; Shapiro, 1981a; Williams & Gilbert, 1981; Prestidge, 1982; 
Louda & Rodman, 1983a, 1983b; Myers & Williams, 1984; Rodman & Louda,
1984)

Table 1.1b : Some examples of the literature concerning the influence of 
the plant on herbivore community structure.

(Southwood, 1973; Futuyma, 1976; Lawton, 1976, 1978, 1982; Benson, 1978; 
Chew, 1979; Lawton & McNeill, 1979; Lawton & Strong, 1981; Shapiro, 1981b; 
Claridge & Wilson, 1982; Moran & Southwood, 1982; Southwood, Moran & 
Kennedy, 1982; Thompson, 1983a; Kennedy & Southwood, 1984)

Table 1.1c : Seme examples of the literature on pollination and the bene
ficial effects of herbivores.

(Heinrich & Raven, 1972; Levin & Berube, 1972; Beattie, Breedlove & 
Ehrlich, 1973; Brantjes, 1976a, 1976b, 1981a, 1981b, 1981c; Brantjes & 
Leemans, 1976; McNeill, 1977; Kingsolver & Daniel, 1979; Wiklund, 1979; 
Courtney, Hill & Westerman, 1983; Louda, 1983a; Tepedino, 1983)
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Table 1.2a : Seme examples of the literature on palatability and preference 
tests.

(Jones, 1962; Hovanitz, Chang & Honch, 1963; Hovanitz & Chang, 1963d,
1963e; Hsiao, 1969; Cates & Orians, 1975; Otte, 1975; Mitchell, 1977; Free 
& Williams, 1978; Nielsen, 1978; Nielsen et al., 1979; Stanton, 1979; 
Cates, 1980; Chew, 1980; Sinclair & Smith, 1984; Wratten, Edwards & EUnn, 
1984)

Table 1.2b : Sane examples of the literature on physiological responses to 
feeding on different host plants.

(Dowdeswell & Willcox, 1961; Hovanitz & Chang, 1962; Edel'man, 1963; Feeny, 
1968b; Osborne, 1973; Rehr, Feeny & Janzen, 1973; Wiklund, 1973, 1982; 
Erickson & Feeny, 1974; Hicks, 1974; Chew, 1975; Beck & Reese, 1976; 
Schroeder, 1976, 1977; Scriber, 1977, 1979; Strong & Wang, 1977; Blau, 
Feeny & Contardo, 1978; Scriber & Feeny, 1979; Smiley, 1978; Haukioja, 
1980; Rodman & Chew, 1980; Courtney, 1981a; Myers, 1981; Rausher, 1981a, 
1982; Tabashnik, 1982; Lincoln et al., 1982; Redak & Cates, 1984; Van der 
Meijden et al., 1984)
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This thesis aims specifically to redress this imbalance to seme 
extent, by asking the question "How does the interaction between the 
perennial Crucifer Cardamine pratensis L. and one of its seed predators 
Anthocharis cardamines L. affect the dynamics of each population?".

1.2 REASONS FOR USING THE A. CARDAMINES - C. PRATENSIS SYSTEM
The system was chosen partly for its 'simplicity' as the butterfly 

larvae feed on the seed pods, and the reduction in reproductive potential 
can in theory be quantified more readily than in a system where seed set is 
indirectly reduced by defoliation. It was considered desirable to choose a 
numerically stable system (Pollard, 1984), as this implies that population 
regulating mechanisms are in operation, and to choose two species where a 
relatively tight relationship was suspected. As a minor consideration, it 
was thought that a study of oviposition by A. cardamines on a wild Crucifer 
might produce an interesting perspective on the plethora of studies on the 
oviposition behaviour of Pieris brassicae L. and Pieris rapae L. in culti
vated cruciferous crops. These latter studies always beg the question as 
to how the behaviour relates to or arose in the natural state, it was hoped 
to clarify seme aspects of this question.

1.3 APPROACH TO THE PROBLEM
This piece of research has been approached firstly by elucidating the 

nature of the ecological interactions between the two species through 
observations in the field, and secondly by experimentally manipulating seme 
of the contributory factors influencing these interactions (using both 
field and laboratory experiments).

The biology and phenology of A. cardamines and C. pratensis is des
cribed, and is followed by estimates (from field and laboratory data) of 
the vital rates of the plant and herbivore population, such as intrinsic 
rates of increase, carrying capacity, fecundity and mortality. The general 
discussion of the dynamics of the plant and butterfly population includes a 
consideration of the influence of other herbivores (rabbits and molluscs) 
and seed predators (Adela rufimitrella (Scop.) and Ceutorhynchus spp.) on 
both the plant and butterfly.

1.4 THE SYSTEM IN BRIEF
C. pratensis co-occurs with A. cardamines in a variety of habitats 

including riverbanks, wet grassland meadows, roadside verges and wet rushy
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areas. In woodland glades it has a spindly flower stalk with very few 
flowers, and normally escapes butterfly attack by virtue of early 
flowering.

Fig. 1.1 depicts the seasonal cycle of £. pratensis. The periods 
shown for each growth stage incorporate the earliest and latest dates 
observed over a three year period for sites in Berkshire and Surrey.

Flowering is of a relatively short duration, shoots are initiated in 
late February by both 2nd year rosettes and established seedlings, but the 
first open flowers are not seen until the beginning of April. These 
earliest flowering plants often evade attack by the butterflies, as the 
period of vulnerability to ovipositing A. cardamines females is only be
tween the first week of May and mid-June. However there is a cost involved 
in flowering early as less of the flowers are successfully pollinated 
(pollination failure is particularly notable in West Sussex). The last 
seeds are shed in mid-July, but germination does not start until the end of 
August. Seme rosette foliage persists throughout the winter, but most 
reserves are maintained below ground in the rhizome. Wet, cold weather 
promotes rooting and vegetative proliferation of the above-ground 
structures.

The butterfly is oligophagous (Wiklund & Ahrberg, 1978; Courtney & 
Duggan, 1983), but in Berkshire it is facultatively monophagous on C. 
pratensis. This host plant species is both abundant and able to persist 
throughout the larval development period, as it flourishes in fields which 
are undrainable and thus avoids being mown in the spring; unlike the other 
common crucifer in the area Alliaria petiolata (Bieb) Cavara & Grande, 
which resides in hedgerows and on verges, which tend to be cut shortly 
after egg-laying. It is also the case that the majority (92%) of A. 
cardamines eggs are laid on C. pratensis in N. Ireland, and that this 
species receives a disproportionate number of eggs in relation to its 
abundance as-compared to other Crucifer species (Ratnieks, p>ers. comm.).
The time taken for egg and larval development is very much tenperature 
dependent. Frequently development cannot be completed without transfer to 
a second C. pratensis flowerstalk, the first host having been totally con
sumed. Pupation occurs from early June to early July, the adults emerging 
in late April and early May of the following year.



Fig. 1.1 Phenology of c. p r a t e n s i s . The earliest and latest dates for each growth stage are
shewn for Berkshire and Surrey 1981 - 1983.
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CHAPTER 2: ANTHOCHARIS CARDAMINES

2.1 GENERAL INTRODUCTION
A brief description of the biology of A. cardamines is presented in 

Courtney & Duggan (1983) and in Section 1.4. Pupation is described by 
Cowan (1981).

The life cycle is schematized in Fig. 2.1. One of the main objectives 
in this study is to elucidate the factors that determine the number of 
'units'/individuals in each of the boxes in the diagram. These numbers are 
primarily functions of the opposing forces of natality and mortality, 
though in the adult phase emigration and immigration are undoubtedly also 
very important. The prime causes of mortality are shown as alternative 
paths to the individual entering the next life-stage box.

Examination of the Anthocharis life cycle in this manner allows the 
effect of Cardamine on the butterfly to be compared quantitatively with 
other factors. For example the number of sunshine hours available for 
flight, the effect of host plant distribution and density on searching 
efficiency, and interference between females will all affect egg shortfall 
(the difference between the number of eggs produced by the female and the 
number of eggs laid). This study is only concerned with the interaction 
between A. cardamines and C. pratensis, the proportion of eggs laid on 
other host plants has not been quantified and such eggs were classified as 
being lost to the system - this is probably a fair assessment of their 
fate, as other host plant species are frequently mown before completion of 
larval development.

For the immature stages the influence of the host plant on larval and 
pupal survivorship must be contrasted with the effect of predators, patho
gens and parasites.

The nationwide I.T.E. Butterfly Monitoring Scheme found the numbers of 
A. cardamines adults in a given area to be relatively constant frcm year to 
year (Pollard, 1984). This raises a further question about the dynamics of 
Anthocharis. Does the uniformity in numbers reflect regulation during the 
adult stage, or is it attributable to density dependent mortality during 
the immature stages, and is the plant the regulating factor?

2.2 ADULTS
The adult stage is the most complex phase in the lepidopteran life 

cycle. It encompasses a number of processes of ecological importance,
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Fig. 2.1 Dynamics of A. card amines
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namely reproduction, dispersion, migration and mortality.
2.2.1 Potential Fecundity
2.2.1.1 introduction

Potential fecundity is defined as the number of eggs which a female 
could lay under ideal conditions. Several methods have been used to 
estimate potential fecundity in Lepidoptera. Dissection of the ovarioles 
of young field caught females is a relatively easy method (e.g. Varley & 
Gradwell, 1968; Banerjee, 1979; Courtney, 1980) but accuracy in estimating 
the number of immature eggs can be poor, and in seme species the fecundity 
estimate may be age dependent and a knowledge of the history of individual 
females is therefore necessary (Stem & Smith, 1960). Alternatively seme 
authors have followed females in the field to make estimates of oviposition 
rate during favourable weather, but these data however need to be combined 
with information on adult survivorship in order to provide an overall 
estimate (Yamamoto & Ohtani, 1979). Less energetic workers have built 
large field cages and monitored life time fecundity of captive females 
(Stern & Smith, 1960; Rahman, 1968; Gossard & Jones, 1977; Hayes, 1981).

The suitability of a given method of estimating potential fecundity is 
dependent largely on the physiological processes governing egg production. 
One needs to know the relative contributions of larval and adult feeding to 
reproductive investment.

Pupal weight or size is a good predictor of potential lifetime 
fecundity in several species (Dempster, 1971; Danthanarayana, 1975; Jones, 
Hart & Bull, 1982; Gilbert, 1984a). While egg load at emergence may be 
correlated with pupal weight (as found for A. cardamines by Courtney,
1980), Jones, Hart & Bull (1982) show that for P. rapae egg load is not the 
same as lifetime production - small females lay fewer eggs than suggested 
by the size of their complement at eclosion and large females produce more 
eggs at a later date. This implies either that large P_. rapae females feed 
more as adults and/or they have additional nitrogenous reserves in their 
fat bodies. P. rapae females fed on sugar solution as compared to water 
showed a tenfold increase in fecundity as well as enhanced longevity 
(Norris, 1935). Longevity also increases in P. brassicae when fed honey 
rather than sugar solution (David & Gardiner, 1961). The importance of 
adult feeding for higher fecundity has also been demonstrated for several 
other species of butterfly e.g. Euphydryas editha (Labine, 1968; Murphy, 
Launer & Ehrlich, 1983), Colias philodice eurytheme (Stern & Smith, 1960),
Heliconius charitonius and Dryas julia (Eunlap-Pianka, Boggs & Gilbert,
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1977) and is suspected for 10 other Heliconius species in which the females 
collect significantly more pollen than the males (Boggs, Smiley & Gilbert, 
1981). Murphy et al. (1983) analysed the effect of various nutrients. 
Carbohydrate intake increased longevity, body weight maintenance and egg 
production in E. editha, whilst amino acid intake produced heavier eggs and 
larvae with a higher survival rate. The dilute nectar on which certain 
Colias species feed may however be a source of water rather than nutrient 
(Watt, Hoch & Mills, 1974). Herbert (1983) draws attention to an in
teresting relationship between egg clustering and absence of adult feeding, 
suggesting that such a strategy maximizes use of the limited nutrient in
take by saving energy expenditure on flight. Male investment in egg pro
duction via nutrient transfer during mating has been demonstrated for 
Danaus plexippus, Heliconius hecale and Heliconius erato using radioactive 
tracers (Boggs & Gilbert, 1979) and less convincingly for Tatochila butter
flies by a decrease in male longevity following mating (Shapiro, 1982). 
Whether male investment stems frcm adult feeding or larval feeding has not 
yet been investigated.

The aims in this section of work were to investigate sane of these 
relationships for A. cardamines, that is: to estimate the mean egg load of 
field caught females; to confirm Courtney's relationship between egg load 
and pupal weight; to discover whether pupal weight was affected by the 
quantity of food available to and eaten by the larva; and to assess if 
possible the contribution of adult feeding to longevity and fecundity.
2.2.1.2 Method^ and Results_
(i) Effect of food availability to the fifth instar on pupal weight
(1) Design

Levels of food supplied per day
50, 150, 200, 300, 500, 900 mg ww.

(2) Method
Upon entering the 5th instar, larvae were randomly assigned to a given 

treatment and kept individually in petri dishes at 20°C. Initially 10 
dishes were set up per supply rate, but due to bacterial disease this was 
increased to 20 dishes in seme cases. Fresh food was supplied daily, and 
the wet and dry weights of food remaining frcm the previous day were 
measured. Control dishes with pods and cotton wool only were used to 
estimate weight loss or gain of the pods not attributable to the larvae. A 
sample of pupae were kept overwinter to determine the sex of the pupae.
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(3) Itesuits
The method of calculating dry weight of food eaten is described in 

Section 2.3.2.1.ii(2). The relationship between wet and dry weight for the 
C. pratensis food material is shown in Fig. 2.2. The experimental data are 
given in Appendix 1 and Fig. 2.3. The correlation coefficient for the 
relationship between fifth instar feeding and pupal weight is 0.828 (p < 
.005, 19 df). Unfortunately though almost 120 larvae were set up only 21 
survived to become healthy pupae, due to an unidentified infection (samples 
were sent to Dr. N. Crook, a Pierid virologist at GCRI). Starved larvae 
were more susceptible to the disease, which accounts for the paucity of 
data points at the lower end of the scale.

From the limited sample available, it appears that conversion of food 
into pupal weight is equally efficient for both sexes.
(ii) Effect of female pupal weight on potential fecundity
(1) Method

In 1982, 4th instar larvae were divided into three feeding groups. 
Group 1 were nearly starved (they received approx. 50 mg ww of food per 
day), group 3 always had an excess of food (900 mg ww), and group 2 were 
given an intermediate quantity of C. pratensis pods (300 mg ww). The pupae 
were stored over winter in the insectary. In March 1983 20 pupae were 
randomly selected from each group. The pupae were individually weighed and 
transferred to labelled Watkins and Doncaster emergence cages. The cages 
were lined with sterile sand and contained a piece of flowerstick and 
sponge to aid eclosion and wing expansion. The cages were checked daily 
for emergence and twice daily once female eclosion had started. Females 
were given water but no food and were killed three days after emergence by 
placing them in the freezer. They were then dissected and the number of 
mature chorionated, yolked, and immature eggs counted. Wing breadth was 
also measured in a sample of cases.
(2) Results_

The raw data are tabulated in Appendix 2.
A) Relationship between pupal weight and total egg load

Fig. 2.4 shows that there is a high correlation between total egg 
load and pupal weight, r = 0.87 (p < .001, 26 df). The fitted regression 
equation is given in the figure legend.

B) Relationship between pupal weight and the percentage of eggs that 
are chorionated
Again there is a high correlation between these variables, r = .88
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Fig. 2.2 Relationship between wet and dry weight ( q) of 
food material

The fitted regression equation is: y = 0.0057 + 0.224x 
r2 = 92%, F (1,77) = 842

Fig. 2.3 Relationship between pupal weight (mg) and weight 
of C. oratensis eaten

The fitted regression equation is: y = 54.5 + 0.359x 
r ̂  = 68.5%, F (1,19) = 41.4, p <  .005

Dry W e i g h t  of  Food E a t e n ( m g )  in 5th I n s t a r
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Fig. 2.4 Relationship between total egg load and pupal 
weight (mg)

zFitted regression equation is: y •■= 42. 9 + 2.42x, r =75% 
F (1,26) = 77.8, p <.005

P u p a l  w e i g h t  (MG)

Fig. 2.5 Relationship between the percentage of total eggs
which are chorionated and pupal weight(mg).

2 . _ _Fitted regression equation is: y = 0.133x - 8.39, r = 77% 
F(l,26) = 87.4, p<.005. Threshold weight for chorionation 
is 63.1 mg wet weight.

30 120 150
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(p < .001 with 26 df). There is a threshold weight of approximately 63 mg 
below which no chorionated eggs were developed 3 days after eclosion (see 
Fig. 2.5).

C) Relationship between pupal weight and the percentage of eggs that 
are immature and yolked

There is a significant negative relationship between pupal weight 
and the (arc-sine transformed) percentage of immature eggs; the fitted 
regression is:- y = 65 - .14xf r^ = 28.2%, F^ ^  -  10.23, p < .005. There 
is no significant relationship between the percentage of yolked eggs and 
pupal weight.

D) Relationship between emergence date and pupal weight
The first female emerged in the insectary on 5th May, this was 

designated Day 1, and the other emergence times were calculated accord
ingly. There was no relationship between pupal weight and emergence date 
in the insectary (r = .141, n = 28).

E) Relationship between wing breadth and pupal weight
Wing breadth frcm base to apex was measured for 48 insects. The 

correlation coefficient is 0.80 (46 df, p < .005), and the relationship is 
shown in Fig. 2.6. Raw data are tabulated in Appendix 3.
(iii) Effects of female feeding on fecundity and mating
(1) Design

2 diets:- Treatment A water only, 6 replicates
Treatment B water and C_. prate ns is flowers, 6 replicates

(2) Method
Pupae were weighed and upon emergence the females were allocated to 

each treatment in alternation. The original design called for matched 
pairs of females with respect to greenhouse conditions, but in retrospect 
pairs matched with respect to weight would have been better. Females were 
marked and kept in two holding cages in the insectary, one cage containing 
plants and water, the other just water. Each female was released singly 
into a flight cage for three hours per day until death with the remaining 
time spent in the holding cage. In one flight cage the flowering in
florescence on each of the 20 stalks was covered with cling film. The 
flowers and buds were thus visible as an oviposition stimulus and the stalk 
was available for egg-laying, but no feeding could take place. In the 
other cage the flowers were freely accessible. Two males were placed in 
the cage with the female until mating occurred.

Oviposition on the flowerstalks was assessed after each flight period
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Fig, 2.6 Relationship between win g  breadth(mm) and 
pupal weight(mg)
Fitted regression is y = 13.1 + .065x, r* = 64% 
F (1,46) = 83.27 (p <  .005)
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and ovariole content determined by dissection upon death.
(3) Results

A) Mating
60% and 83% of the females mated in Treatments A and B respect

ively .
B) Fecundity

It was intended to assess life-time fecundity of the females, but 
unfortunately the experimental period coincided with seme spells of 
excessive heat in the greenhouse, and in many cases this resulted in 
reluctance to lay and premature death. Only 3 females laid in Treatment B, 
1, 6 and 3 eggs in total, and 2 females oviposited in Treatment A, 10 and 2 
eggs.

In Fig. 2.7 the total egg complement of the females is plotted 
against their pupal weights, and both treatments are compared with the 
fecundity/pupal weight relationship obtained for the 3 day old females fed 
on water only and not permitted to fly (see Fig. 2.4). One female escaped, 
hence there are only 5 data points for Treatment A. Treatment A females 
are clustered below the regression line, and the majority of females in 
Treatment B are above it. However, most observations lie within the 95% 
confidence limits for the line. One Treatment B female had a much higher 
than expected potential fecundity for its size but did not fall outside the 
confidence limits. In two Treatment A females most of the ovarioles had 
degenerated and these two individuals are represented by the outlying 
points at the bottom of the graph.
2.2.1.3 Discussion
(i) Factors influencing potential fecundity 
(1 ) E_stimates_ of_f£cundity

In this study potential fecundity has been estimated solely by 
dissection. Observational field data are almost impossible to collect, due 
to the tendency of A. cardamines to fly over hedges and rivers (especially 
when being followed!), and due to the effects of weather when using field 
cages.

The data must therefore be interpreted cautiously, remembering that 
dissection does not always give a higher estimate of fecundity than adult 
chase (Yamamoto & Ohtani, 1979). Use of dissection data is obviously more 
justified for those species in which the major nutritional contribution to 
fecundity is from larval feeding (and hence has been determined by the time 
of eclosion) rather than for those species in which adult feeding is of



33

Fig. 2.7 Results of adult feeding experiment.
Plot of pupal w eight against eggs laid plus ovariole contents 
(as found from di s s e c t i o n ) . o plants + water treatment;
• water o n ly.— = regression line from Fig. 2.4; ---  = 95%
confidence limits on fitted line. Regression eqn for* is 
y = -96.6 + 2.98x, r^ = 95.8% NS/ b = 2.98 + .62; .equation 
foro is y = -164 + 4.41x, ra = 66.5%c< = .05, b = 4.41 + 1.56.
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greater importance (see Introduction 2.2.1.1).
The potential fecundity of a sample of field caught females was 

estimated frcm measurements of the wing breadth of individuals. Wing 
breadth is strongly correlated with pupal weight, and frcm pupal weight 
potential fecundity can be estimated. Estimated mean female pupal weight 
was 138.5 + 7.4 mg (n = 10) and estimated mean potential fecundity was 378 
+ 18 eggs per female (this is much higher than Courtney's estimate of 217 
eggs per female - Courtney & Duggan, 1983). Female pupal weight was cal
culated to range from 106 to 183 mg (cf. 80-240 mg for P. rapae, Gilbert, 
1984), and fecundity frcm 300 to 490 eggs. Mean male pupal weight was 95.9 
+ 9.1 mg (n = 12), significantly lighter than the females (p < .05). There 
is no difference in the efficiency with which males and females convert 
food into pupal weight, or in larval development rates, to explain this 
sexual dimorphism (see Fig. 2.3), though it is a commonly observed 
phenomenon in other insect species (Scriber & Slansky, 1981). An in
dependent estimate of female fecundity in the field can be calculated using 
larval body length measurements just prior to disappearance. Of all the 
larvae regularly measured at 5 sites, 95 larvae which left the host plant 
measured 25 mm or more, the mean size of these larvae was 28.28 mm. Using 
the relationship between larval body length and pupal weight shown in Fig. 
2.50, (which is derived frcm laboratory studies), the average pupal weight 
of these wild larvae would be 111.80 mg which converts to an average egg 
load of 314 eggs per female. This may be lower than the mean figure 
derived frcm using breadth measurement because the threshold size necessary 
for pupation and successful eclosion in the laboratory is lower than that 
in the wild; hence if larvae of 25 mm plus are included in the calculations 
when infact only larvae above 27 or 28 mm survived, then pupal weight and 
fecundity estimates using the larval body length method would be lower than 
in reality. Another explanation for the lower estimate is that the larvae 
found another plant, continued feeding and were therefore larger at 
pupation. An obvious weakness of this method is that males and females 
cannot be distinguished at the larval stage, hence lower male pupal weight 
will drag down the mean weight. Whichever method is used to calculate 
field fecundity the mean is greater than that estimated by Courtney.
(2) Adult: verisus_larval_ £ontribut_ion_to total reproductive_effort

Assessment of host plant impact on the dynamics of a lepidopteran 
herbivore is simplified in several respects, if the greatest contribution 
to fecundity is made at the larval stage. Simple feeding experiments can



35.

then be used to determine the relationship between the quantity and quality 
of food material available to the larva and the resultant fecundity. The 
effects of the host plant on adult investment in fecundity are much more 
diffuse and indeterminate and therefore less easily measured. For example 
it is necessary to have realistic estimates of adult longevity in the 
field, together with knowledge about energy and activity budgets, male in
vestment in female reproduction, and alternative feeding preferences.

For 20 lepidopteran species Scriber & Slansky (1981) found that rates 
of growth and nitrogen accumulation were greater and more efficient for the 
penultimate rather than the final instar. Nevertheless for A. cardamines, 
in which the 4th instar can be very short, the experiments described here 
demonstrate that the dry weight of food eaten during the 5th instar (63% of 
total larval food consumption - c.f. average of 70% for Lepidopteran 
species quoted by Waldbauer, 1968) directly influences pupal wet weight 
(mg) (see Fig. 2.3) and that pupal wet weight in turn explains 75% of the 
variation in the egg load of three-day old, unfed adults (see Fig. 2.4).
The egg load/pupal weight data compares favourably with Courtney (1981a),

2 . . .r for his data was 67%, the regression equation was not given but I
estimate it to be y = 2.9x - 106, the slope is similar to that of my own 
data (b = 2.42) even though my data cover a greater range of pupal weights 
because food availability was regulated. From these relationships and a 
knowledge of flowerstalk dry weights, it can be shown that in the field a 
larva will frequently need to feed on more than one plant to attain the 
pupal weight observed in Berkshire.

It might be argued that in circumstances where egg shortfall is great, 
pupal weight effects on fecundity will be minimal. However other 
corollaries of the pupal size effect may well influence realised fecundity. 
For example, there is a threshold pupal weight below which no mature eggs 
are found within 3 days of emergence (see Fig. 2.5). This could have grave 
consequences in marginal Northern populations. In the North, the weather 
may permit only one or two chances to fly, and hence to mate, oviposit and 
feed during the lifespan of an individual. Under these conditions, the 
only opportunity for oviposition may be lost through the lack of matured 
eggs. Further, high pupal weight is correlated with increased wing-span 
(see Fig. 2.6) and this may aid dispersal ability when host plants are 
scarce. Finally, in several species of butterfly larger individuals have 
higher daily oviposition rates (Rahman, 1968; EXjnlap-Pianka, 1979; Jones et 
al., 1980) and from Fig. 2.9 this also appears to be true for A.
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cardamines, 62% of the variance in the mean egg laying rate of females was 
explained by pupal weight. It is also possible that fat body reserves 
increase with pupal weight.

The effect of food quality on pupal weight/fecundity has not been in
vestigated here, but Courtney (1981a) found that A. cardamines had 
differing characteristic pupal weights vhen fed on different host species 
and Jones et al. (1980) describe the effect of artificial diet on the pupal 
weight of P. rapae. However in the field Van der Meijaen (pers. comm.) 
found that difference in protein concentration in ragwort individuals did 
not influence the pupal weights of Tyria jacobaeae larvae, because high 
nitrogen content was correlated with high alkaloid content which counter
acted any beneficial effects.

Obviously other non-food related factors can also influence feeding, 
pupal weight and hence fecundity. The effect of temperature during larval 
development on pupal weight is discussed in Section 2.3.2.1. It is also 
likely that as for p. rapae, pupal weight and adult size in A. cardamines 
are at least partially heritable (Gilbert, 1984a, b, c).

Due to technical difficulties not resolved until the 3rd year, experi
mentation on the effect of adult feeding on fecundity was very limited. It 
was found that fonales would mate, and could produce fertile eggs success
fully without feeding, but the prevention of flower feeding by use of cling 
film also led to a reluctance to oviposit on the protected flowers - a 
problon not encountered by workers whose insects oviposit on plant foliage 
(e.g. Murphy et al., 1983). When oviposition did occur, it was in the 
usual position - at the base of the pedicel, but on the cling film coat 
rather than the plant surface, which perhaps suggests that the role of 
visual stimuli in the final stages of oviposition has been underplayed in 
the literature, in relation to the role of chemotactile stimuli.

The results shown in Fig. 2.7 suggest that adult feeding does not 
result in increased potential fecundity (though it may assist further egg 
maturation after oviposition - an hypothesis which cannot be tested with 
the present data as very little egg laying occurred); none of the feeding 
females exceeded the potential fecundities predicted frcm their pupal 
weights. The "cling film" fanales did however seem to suffer as a result 
of flying around without being able to feed, and two of these females had 
significantly lower potential fecundities than predicted from the re
gression equation of the line in Fig. 2.4.
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2.2.2 Factors Influencing the Efficiency of the Mating Process
2.2.2.1 ̂ n̂ roduĉ tion

Though mating is obviously a crucial stage in the reproductive 
process, few studies on Lepidoptera have attempted to examine the process 
using the new ideas adopted by animal behaviourists (e.g. Trivers, 1972, 
Dawkins, 1976) over the past ten years (a notable exception is Rutowski's 
(1984) review). Most studies of the courtship behaviour of butterflies 
have investigated the subject from the old perspective of courtship as a 
species isolating mechanism, and have therefore concentrated on describing 
the mating sequence and the stimuli eliciting each link in the chain, in a 
manner typical of the old ethological approach (e.g. David & Gardiner,
1961; Scott, 1974) rather than the new approach of behavioural ecology 
(e.g. Scott, 1972; Suzuki et al., 1977; Silberglied, 1978). The document
ation in the literature of the mating behaviour of A. cardamines is typical 
of this descriptive approach (e.g. Floershein, 1906; Williams, 1915), even 
in Courtney's more recent study (1980) isolating mechanisms and mating 
stimuli still predominate.

There have been few attempts to quantify the parameters affecting 
mating systems, mating success or mating efficiency in butterflies. Seme 
of the obvious strategies which warrant detailed investigation include 
emergence times of males in relation to females; mate location strategies; 
monogamous versus polygamous mating strategies in females; and intra
specific mate choice. Other factors such as sex ratio, weather and sperm- 
atophore replacement rate may also be significant.

Sane pioneering studies have started on this course. Wiklund & Fager- 
strem (1977) review the circumstances and life history traits which favour 
early male emergence and discuss the advantages of protandry in A. 
cardamines. The optimal emergence strategy is modelled by Parker &
Courtney (1983). Protandry in A. cardamines has not been quantified in the 
present study except with respect to emergence of laboratory stock.

Scott (1974) surveyed mate location behaviour in eleven butterfly 
species and concluded that several modes of search can be identified, 
namely there are patrollers (e.g. A. cardamines), perchers and those that 
use pheremone trails. The distribution of female resources and therefore 
the females themselves will not only influence which of these three 
strategies a male adopts but may also influence the evolution of the mating 
system itself (as outlined by Emlen & Oring, 1977). Naturally, other 
factors such as the rate at which fertility declines with time after
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mating, will also have important bearing on the mating system. Courtney 
(1980) found that although the A. cardamines female is typically cited as 
being monogamous, multiple mating did increase with female age.

Mate choice is another developing area. Recent studies have demon
strated that larger males obtain more matings (Marshall, 1982 quoted in 
Rutowski, 1984) and that male nutrient investment is related to male body 
size and time since last mating (Boggs & Watt, 1981; Rutowski, 1982a). For 
ten butterfly species Rutowski, Newton & Schaefer (1983) found that the 
size of the male's nutrient investment was consistently about 6% of his 
body weight per copulation. Rutowski (1984) suggests that other traits 
indicative of a male's quality may be his age, courtship persistence and 
chemical signals. Traits which enhanced the attractiveness of female 
Pieris protodice Bds. were youth and large size (Rutowski, 1982b). In A. 
cardamines males appeared able to discriminate between unreceptive virgin 
females and unreceptive mated females, as the former were courted for 60 /Oj^ 
seconds before quitting the latter for only 3 seconds (Wiklund & ForsbercJ)^.

It is possible that in circumstances where males are rare the sperm- 
atophore replacenent rate might limit the frequency of mating. Both 
Rutowski (1979) and Sims (1979) have found that the duration of copulation 
increases if a male has recently mated. However the occurrence of such a 
skewed sex ratio appears unlikely, the ratio at emergence is most commonly 
one (an exception is C. philodice eurytheme, where a virus causes differ
ential mortality to the more slowly developing females, Stem & Smith 
(I960)). In field caught samples of butterflies the sex ratio is often 
biased towards the male (e.g. Evans, 1954; Abbott, 1959; Tabashnik, 1980) 
reflecting the greater vagility of the females.

Unfortunately the undertaking of a detailed study of mating behaviour 
was beyond the scope of this thesis. This section will simply summarize 
seme of observations made in my greenhouse study, which have not been 
previously documented. In the past, it has not proved possible to obtain 
matings between captive, free-flying adults in controlled conditions.
2.2.2.2 Mejthod_and_Result.s
(i) Observations on mating behaviour in caged A. cardamines 
(1) Methods

Mating was conducted within a greenhouse in a cage 2.66 m long x 1.19 
m wide x 1.02 m high constructed frcm a Dexion frame covered in Netlon.
Ihe bottom of the cage was lined with capillary matting. The cage was 
illuminated frcm above by two Poot lights (Pootlichtenergie B.V.
Schipluiden lype PL1078 K Lamp type: HPIT/HQI 400W 00W, each equivalent to 
220 V) and a U.V. light (Black Light Eye Self Ballasted Mercury Lamp, Lamp 
type: 240/250 V - 175 W SB/E24 frcm Iwasaki Electric Go. Ltd., Tokyo). Ihe
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greenhouse temperature was kept above 15°C at night and between 20 and 25°C 
during the day. Usually 3 or 4 butterflies of each sex were placed in the 
cage at any one time. Once in copula the pair could be gently transferred 
to another cage (e.g. in cases when the male was known to have already 
mated recently).

Observations on mating were conducted on a casual basis only, the main 
objective being to obtain mated females with a known history for the ovi
posit ion experiments.
(2) Results^ and di^cus sion

Females were not introduced to males until at least 6 hours after 
eclosion. This time lapse allowed the wings to harden before administering 
the marker paint. Dissection had shown that chorionated eggs are present 
in the ovaries of 6 hour old virgin females and females of this age would 
mate, the onset of egg laying started at approximately 1 day of age and the 
resultant eggs were fertile. The adult feeding experiment (Section 
2.2.1.2) confirmed that egg maturation and successful fertilisation can be 
accomplished in the absence of adult feeding.

Fertile eggs can be laid within five hours of mating (perhaps less 
since most females were removed from the cage immediately after cop
ulation), though the relationship between age at mating and the onset of 
oviposition was not examined.

The average duration of mating with "virgin" males was 38.4 + 3 (S.E.) 
minutes (n = 25 matings), with a range between 15 and 80 minutes. If a 
male copulated again within 30 minutes, the second mating usually lasted at 
least 6 hours and at most 18 hours 15 minutes. A male held for 8 hours 
after the first mating showed no increase in mating time on the second cop
ulation. It is therefore assumed that spermatophore replacement time is 
approximately 6 hours. The maximum number of matings obtained by a single 
male ((5 2 2 ) was seven, these matings occurred over a nine day period.
There was no evidence to suggest that these matings were at the cost of 
decreased life expectancy for this male, as he survived for 17 days, though 
of course it is possible that he may have lived longer than the average 
male had he not mated so frequently (c.f. Shapiro, 1982).

When in competition it was noted that certain males had a higher 
success rate at mating than others. Experienced males generally captured 
females more quickly than novice males, whilst females rejected small males 
more often than large males, though 6*22 was only of average size. If such 
differential success is also found in the field, females may well lose
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valuable time locked in copulation whilst their suitor produces a new 
spermatophore.
2.2.3 Realized Fecundity
2.2.3.1 introduction

E)gg shortfall is often considerable in Lepidoptera, though not as high 
as observed in Diptera and Hymenoptera (Courtney, 1984). Cne of the most 
contentious issues in the field is the degree to which weather determines 
the number of eggs laid, as compared to biotic, and potentially density 
dependent factors.

There are at least three other major factors which can influence egg 
shortfall:- 1) interference in response to adult density or in response to 
competition caused by low host plant availability; 2) interspecific com
petition for oviposition sites; and 3) difficulty encountered by the female 
in finding available host plants because of patchy or unpredictable distri
bution. While much has been written on host plant finding, the literature 
on the effects of weather in influencing egg shortfall is far more 
extensive than that on other factors. This probably reflects the 
difficulties encountered in estimating adult dispersal and in assessing the 
number of available flowerstalks (i.e. the true carrying capacity of the 
habitat) - a prerequisite for danonstrating adult competition for host 
plants.
(i) Weather

The temperature threshold required for butterfly flight ranges from 
14°C for Erebia epipsodea (Brussard & Ehrlich, 1970c) to 30°C + for Heodea 
virgaurae (Douwes, 1976). Thus inclement weather unquestionably reduces 
the time available to butterflies for flight and can thereby reduce egg 
production on a given day (Stem & Smith, 1960; David & Gardiner, 1962; 
Rahman, 1969a; Gossard & Jones, 1977; Gourtney & Duggan, 1983), and may 
also lower overall realized fecundity (e.g. Duffey, 1968; Hirose et al., 
1980; Hayes, 1981; Wiklund & Persson, 1983; Kingsolver, 1983). Occassion- 
ally, particularly bad weather may kill adults and so reduce population 
fecundity (e.g. Ehrlich et al., 1972). However inmost years the effects 
of weather may not be clear cut. Gossard & Jones (1977) found that P. 
rapae compensates for overcast days by laying more eggs than expected on 
subsequent sunny days. This has several possible explanations. First the 
egg maturation process may normally be a rate limiting step in oviposition 
(as found by Courtney for Phulia nymphula - in prep.) and hence if egg 
development continues in the absence of oviposition, more eggs will be
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available for laying once good weather returns. Second, the prevention of 
oviposition by bad weather may simply lower the acceptability threshold of 
the host plants (i.e. no change in egg availability is required) - this is 
known to occur in ageing female butterflies (e.g. Singer, 1971; Gossard & 
Jones, 1977; Jones, 1977; Wiklund, 1981). In either case, the effect of 
short spells of bad weather on realized fecundity may be negated. The 
threshold explanation, however has implications for the subsequent 
survivorship of eggs on the 'sub-standard' host plants. Obviously a 
greater understanding of the mechanism involved is required, and on the 
assumption that A. cardamines also compensates, further investigation was 
attempted in the present study.

The effect on fecundity of the interaction between sunshine hours and 
other factors such as the physiological constraints on oviposition rates or 
limited host plant availability is rarely described in the literature (the 
interaction of weather and host plants is usually discussed with respect of 
premature senescence of host plants due, for example to drought e.g.
Ehrlich et al., 1975). This dearth of studies probably reflects the 
technical difficulties encountered in such experiments, rather than their 
relative importance. Courtney conducted a field experiment in which he 
monitored the number of eggs laid per day on a patch of plants in relation 
to the number of sunshine hours per day. Eggs were removed every evening 
(i.e. host plants were not limiting) and he found a linear correlation be
tween eggs laid and sunshine hours (Courtney & Duggan, 1983). A similar 
study was undertaken in Silwood Park, but eggs were allowed to accumulate 
such that host plants were probably limiting (see Section 2.2.3.2) and the 
interaction between weather and host plants could be studied.
(ii) Interference and intraspecific competition

Adult interference can have several different effects. It can cause 
greater dispersal to marginal habitats, where host finding may take longer 
so that either fewer eggs are laid or superoviposition increases in the 
marginal habitat. Alternatively it can reduce the number of eggs laid per 
female through seme form of inhibition or time wasting territorial be
haviour. Finally, it may not reduce realized fecundity at all, but premote 
the use of non-optimal oviposition sites where subsequent larval survivor
ship is reduced.

In his review on the natural control of populations of butterflies and 
moths, Dempster (1983) cites four species for which density dependent 
dispersal of adults is thought to be the main cause of egg shortfall -
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Theda betulae, Malacascma neustria testacea, Bupalus piniarius and T. 
jacobaeae. In Malacasoma and Bupalus, larval crowding produced smaller, 
more active adults which readily dispersed, whilst in Tyria dispersal was 
stimulated directly by interactions between female moths at high density. 
Dethier & MacArthur (1964) neatly demonstrated density dependent dispersal 
of females by experimentally increasing the density of Melitaea harrisi in 
a field. The introductions had little influence on population levels in 
the field itself, as the adults mostly dispersed to marginal habitats and 
female fecundity at the experimental site was lower than usual, even though 
the host plants were apparently under-utilized. At high population 
densities of Colias lesbia (Bernstein, 1980) and P. protodice (Shapiro, 
1970, 1979) females tend to disperse down a gradient of male density to 
avoid constant interference from courting males, which can otherwise result 
in reduced fecundity (e.g. Hayes, 1981). There is increasing evidence that 
butterflies also exhibit other forms of interference and territorial be
haviour (Davies, 1978; Lederhouse, 1982). To gather such evidence in the 
field is very time consuming. In this study three approaches have been 
taken from which adult interference might be inferred. First the relation
ship between number of eggs laid and the area of a site has been examined 
to see if at sites of increasing area, the number of eggs increases by 
multiples of average female fecundity. This would suggest that as area 
increases more territories can be encompassed within a single site.
Second, using flight as an indication of the motivation to disperse, the 
flight activity of groups of three caged females was compared with that of 
solitary females. Third egg distribution strategies with respect to host 
plant density were observed for single females and females caged in trip
lets .

One form of "territorial" behaviour which is relatively simple to 
demonstrate is oviposition deterrence in the presence of conspecifics. 
Experimental evidence for such phenomena has been gathered for several 
Pierids e.g. P. brassicae (Rothschild & Schoonhoven, 1977; Behan & Schoon- 
hoven, 1978), P. protodice (Shapiro, 1981c), Pieris sisymbrii (Shapiro, 
1981a), Anthocharis sara (Shapiro, 1980) and for the papilionid Battus 
philenor (Rausher, 1979) and the heliconid Heliconius cydno (Williams & 
Gilbert, 1981). Whilst a deterrence mechanism has often been assumed to 
explain the apparently regular distribution of A. cardamines eggs (e.g. 
Wiklund & Ahrberg, 1978), evidence for this is limited to a small scale 
field experiment by Chris Thcmas (pers. comm.), and this same experiment
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demonstrated that differences in the attractiveness of individual plants 
can override the deterrence effect. Paradoxically this deterrence 
mechanism seems to break down when it is most needed, for example in A. 
cardamines when plant density is low causing long flights between suitable 
hosts (Courtney, 1980; Courtney & Courtney, 1982) and in A. sara when adult 
density in the field is unusually high (Shapiro, 1980). It would appear 
from the available evidence that interference leads to a ccmbination of 
both reduced fecundity and usage of suboptimal sites.

It is probable that many interference mechanisms are ritualized relics 
of past competition for host plants, the direct relationship having been 
obscured by tijne. Thus the division between adult dispersal in response to 
adult density and in response to host plant availability is probably a 
false one and is often indeterminable due to ignorance about the past and 
present carrying capacity of the habitat. What may seem to be an over
abundance of food plant may not appear so to the butterfly, which is more 
discerning of the variable quality of the food. Thus without some in
dependent measure of the true carrying capacity of a site, one can not 
categorically state whether adult density per se or host density is the 
factor which caused the butterfly to disperse. Crucially the character
istics of an 'available' plant must be defined before carrying capacity of 
the habitat can be estimated. The definition of an 'available' plant is 
particularly pertinent to this study, in which the average egg load in 
twenty populations of C. pratensis was only 5%, perhaps suggestive that at 
least 95% of the plant population was unavailable. Unfortunately 'avail
ability' is extremely difficult to measure. An 'available' plant will have 
two components, it must be attractive and acceptable to the female but it 
must also be suitable for larval growth. Attractivity and suitability will 
not necessarily be coupled and plants which are not attractive to females 
may nevertheless be suitable for larval development. However in attempting 
to measure 'availability' in the field, we are only interested in the pro
portion of chosen plants which are suitable for larval development. The 
fittest females will be those which can predict suitability.

Often researchers have only attempted to define the first tier level 
of 'availability' i.e. what makes a plant acceptable or attractive to the 
female? Even this problem is not as simple as it might seem. The first 
difficulty in measurement arises because acceptability thresholds are known 
to vary with female motivational state (e.g. Gossard & Jones, 1977; Root & 
Kareiva, 1984) and in sane cases with adult conditioning (e.g. Traynier,
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1979). Also, the set of acceptable host characteristics is probably 
extended according to frequency of occurrence in a manner analogous to that 
suggested by Levins & MacArthur (1969) for optimal interspecific host 
choice. Thus a compromise must be struck as to what type of plant is 
acceptable most of the time.

The second difficulty is knowing which plant attributes are being used 
by the butterfly to make its choice. Natural variability at a number of 
levels can affect the attractiveness/acceptability of plants and host plant 
selection. Table 2.1 summarizes seme of these attributes with a list of 
cases where these factors have been found to be important. The literature 
is perhaps most detailed with respect to plant defence chemicals, the most 
extensive studies having examined the usage of Cruciferae and Leguminosae 
by the Pieridae and Lycaenids. Chew & Robbins (1984) review the known 
means of detection of these chemicals by the adults. At the local level 
the density of adjacent flowers talks, and their size, age etc. may also 
affect choice, as could vegetational background - associational resistance 
for example may play a role. The location (e.g. proximity to a hedgerow) 
of some flowerstalks may be preferential to others. While there is no 
evidence that location affects larval survivorship as such, it could affect 
success in reaching the pupation site, for example. Existing egg density 
in a patch may deter oviposit ion on stalks which might otherwise have been 
chosen. At the intersite level there are again a number of factors which 
may make plants, similar in physical and chemical characteristics, avail
able at one site but not at another.

A useful definition of an 'available' plant can not be given if a 
combination of different plant characters is involved (in many cases, for 
example, there is likely to be a trade-off between size and density). 
Acceptable and unacceptable plants may be separated into 2 groups by 
multivariate discriminant analysis (e.g. Rausher, Mackay & Singer, 1981), 
but this gives no easy basis on which to estimate carrying capacity.

In this chapter differences are sought between single physical 
attributes of flowerstalks which were selected by ovipositing females and a 
randan sample of all flowerstalks. An attempt is also made to define 
availability at the level of 'suitability' of a plant for larval survival. 
Eggs were transferred onto a sample of stalks chosen by females and a 
sample that were not and their survival monitored, but as with the dis
criminant analysis, this approach will indicate whether or not there is an 
overall difference between chosen and non-chosen plants, but it will not
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Table 2.1 : Host plant attributes affecting oviposition choice.

a) INDIVIDUAL PLANT AND SPECIES VARIABILITY

(1) Chemistry - i) defence - attractants/repellants e.g. Brues, 1920;
Thorsteinson, 1960; Kennedy, 1965; Hsiao, 1969; 
Dethier, 1970; Dolinger et al., 1973; Mitchell, 
1977; Free & Williams, 1978; Nielsen, 1978, 1979, 
1980; Saxena & Goyal, 1978; Stanton, 1979.

ii) nutritional quality - e.g. Wolfson, 1980; Myers, 
pers. canm.

(2) Size - florets, inflorescences, height, bud length e.g. Euffey,
1968; Wiklund, 1974; Ives, 1978; Thompson, 1978; Courtney, 
1980; Rausher, Mackay & Singer, 1981; Rausher & Papaj,
1983.

(3) Age - Smith, Bryan & Allen, 1949; Breedlove & Ehrlich, 1968; Ives,
1978; Wiklund, 1974; Jones & Ives, 1979; Courtney, 1980.

(4) Morphology - i) leaf shape e.g. Gilbert, 1975; Benson, 1978;
Rausher, 1978; Stanton, 1980; Stanton & Cook,
1984.

ii) pubescence e.g. Breedlove & Ehrlich, 1972.

iii) strong stem e.g. Wiklund & Ahrberg, 1978.

(5) Ecology - various factors i.e. presence of ants (Pierce, pers.
comm.); tilling by pocket gophers (Singer, 1972); 
presence of conspecifics e.g. Wiklund & Ahrberg, 1978; 
shade e.g. Wiklund & Ahrberg, 1978; Rausher, 1979b; 
Courtney, 1981; surrounding vegetation e.g. Rausher, 
1981b.

b) 'LOCAL' VARIABILITY

(1) Flowerstalk density/distance to nearest neighbour/clump size e.g 
Rausher, 1979b; Mackay & Singer, 1982.

(2) Egg density.

(3) "Edge-iness" - clump, patch, hedge e.g. Wiklund & Ahrberg, 1978; 
Courtney & Courtney, 1982; Dennis, 1983a, b.

(4) Neighbours characteristics.

C) POPULATION VARIABILITY

(1) Absolute population size.
(2) Mean stalk density and variance.
(3) Mean egg density and variance.
(4) Age distribution.
(5) Mean herbivore load.
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indicate where that difference lies. Waifson (1980) went one step further, 
when, by manipulative experiments, she altered the nutrient content of 
cabbage plants. She was able to show that females responded to such subtle 
changes, but larval performance did not correlate with female preference.

In view of the aforementioned problems, it is not surprising that most 
workers have tried to inferr adult competition for larval host plants with
out quantifying host availability. The experiment of Dethier & MacArthur 
(1964) was an attempt to define the carrying capacity in a particular field 
in terms of the adult density at which dispersion occurred. An alternative 
approach is to increase adult density experimentally while preventing dis
persal, and then to examine the effects on female fecundity, egg distri
bution and suboptimal host use. Unless oviposition is known to be in
hibited by the presence of other eggs or the species is known to exhibit 
time wasting territorial behaviour, the expectation from such an experiment 
would be for individual female fecundity to remain static and for sub- 
optimal oviposition sites to be used increasingly. This was the result 
found by Kobayashi (1965a) in an experiment using P. rapae, and Jones et 
al. (1980) found that the number of eggs laid increased pro rata when 
female P. rapae density in a field was varied between 80 and 240 in
dividuals.

Several studies have speculated that the distribution pattern of host 
plant usage may indicate the likelihood that a species will overexploit its 
host by scramble competition. One line of reasoning is as follows. If 
extrinsic influences limit population growth before a population becomes 
large enough to deplete the resources of succeeding generations, then there 
will be no selective advantage to the individual in conserving those re
sources, and one might expect of find an overdispersed distribution of eggs 
(e.g. Dacus tyroni, Monro, 1967). Conversely aggregated distributions 
should be found in species with a high risk of overexploitation (i.e. com
petition) such that density regulating factors ccme into operation at a 
lower absolute population density e.g. Cactoblastis cactorum (Monro, 1967). 
It is difficult to demonstrate the selective advantage to the individual of 
exposing its eggs to unnecessarily increased competition from conspecifics, 
without invoking group or kin selection. Other explanations are perhaps 
more plausible, for example host plants may vary in quality, and at high 
adult density these differences are highlighted by preferential selection 
of certain plants by many adults. Examples of species in which distri
bution beccmes more contagious with increases in population density include
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Epilachna 28^naculata (Iwao, 1956) and P. rapae (Utida, 1953; Kobayashi, 
1960). Simulation studies by Myers (1976) demonstrated that stability in
creases if egg cl unping increases with relative adult density, and data 
from 13 populations of T. jacobaeae suggested that egg batch distribution 
did became aggregated with increasing adult density (Myers & Campbell, 
1976).

Analysis of egg distribution patterns might thus prove useful in 
speculating whether larval scramble type competition is likely to occur and 
whether shortage of larval host plants is limiting adult fecundity. How
ever one must be wary of such an approach for a number of reasons. First 
without defining what constitutes an available plant, the true pool of 
hosts and therefore the zero class of the distribution cannot be un
ambiguously quantified, and the type of distribution correctly determined. 
Second, aggregation of eggs can result from compounding several other dis
tributions and may not represent the behaviour of the individual. Van 
Lenteren, Bakker & Van Alphen (1977) have demonstrated how clumped distri
butions can arise frcm a series of random events and random distributions 
from discrimination. (The effect of method of search will be discussed 
under searching efficiency.) Third, another school of thought (Shapiro, 
1981c) posits that egg load assessment (overdispersion) should evolve only 
when competition is so prevalent as to outweigh the deleterious effect of 
assessment on resource utilisation. Thus two contradictory interpretations 
can be generated from the same set of observations. Cn the one hand the 
population is said to be overdispersed because competition is unlikely to 
occur, while on the other it is overdispersed because competition is highly 
likely to occur.

These 3 points emphasize the need to know how egg distributions arise 
frcm the behaviour of individuals especially if any adaptive interpretation 
is to be proposed as to why they evolved, or if they are to be used as 
evidence for intraspecific competition.

In conclusion, evidence of intraspecific competition for oviposition 
sites is very difficult to obtain, except in single species systems and 
where host availability can be readily assessed using just one or two host 
characteristics. It was hoped that this might prove to be the case for A. 
cardamines.
(iii) Interspecific competition for oviposition sites

Interspecific competition should be similar in its effects to intra
specific competition, i.e. it might cause greater adult dispersal, reduced
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fecundity or use of sub-optimal plants. However such effects have only 
rarely been observed in Lepidoptera (e.g. Shapiro, 1981c) and it is 
generally considered that interspecific competition is avoided by niche 
separation along one or more resource axes. Present day distributions are 
seen as the outcome of past competition. Such a view appears to be 
supported by the evidence of Herbert, Ward & Harmsen (1974). The classic 
relationship between niche width and environmental predictability seems to 
hold true for Lepidoptera, as demonstrated by the extreme specialisation of 
heliconiines in tropical areas where a constant supply of passion flowers 
is assured (e.g. Benson, Brown & Gilbert, 1975; Benson, 1978) as compared 
to the less compact niches of the temperate butterflies, where niche 
differentiation appears to occur on a crude scale along several axes (such 
as those of shade e.g. Petersen, 1954; Ohsaki, 1979 and vegetation type 
e.g. Shapiro & Carde, 1970). No studies appear to have been conducted into 
competition between lepidopteran and non-lepidopteran species. Courtney 
(1980) concluded that interspecific competitors - e.g. Artogeia napi, 
Philaenus sp. etc. - did not play a significant role in host selection by 
A. cardamines, if anything there was a positive correlation between A. napi 
and A. cardamines presence, perhaps suggestive that a "good" quality plant 
is universally good. In the present study several surveys of competitor 
abundance were conducted, and the presence of "macro-" interspecific com
petitors was recorded for chosen and non-chosen plants.
(iv) Searching efficiency and host plant finding

Modem population models generally assume that females have a large 
number of eggs ready to lay and that realized fecundity is thus a function 
of host encounter rate rather than egg capacity (cf. Thcmpson, 1924). A 
number of factors can influence host plant encounter rate e.g. patch size, 
plant density per unit area, plant distribution and type of search.

The first stage in host plant location may involve discovery of the 
correct habitat, especially for those species such as Leptidea sinapis, in 
which feeding and oviposition occur in different habitats (Wiklund, 1977). 
Not surprisingly Crcmartie (1975) found that suitable plants in the wrong 
habitat were never discovered. Utilization of a patch of habitat or plants 
is influenced by size of patch, but whether this arises through sampling 
effects leading to differential immigration (Connor & McCoy, 1979; Strong, 
1979) or through differential emigration with immigration being only a 
function of distance from source (MacArthur & Wilson, 1967) remains 
contentious.
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The effect of the interaction between plant density and distribution 
on searching efficiency is as yet poorly studied. Douwes (1968) found that 
for a given plant density, attack rate was higher on aggregated as compared 
to regularly distributed plants, but conversely Jones (1977) found con
tagiously arranged plants suffered a lower attack rate than randomly dis
tributed ones. Obviously whether search is randan or non-randcm will also 
have important consequences on how efficiently a herbivore exploits 
different densities and distributions of plants, and whether the resultant 
exploitation is fine or coarse grained will ultimately affect the stability 
of the system (see Crawley, 1983, p. 150). A number of specialist herbi
vores occur at higher density in pure stands of the host than when the 
plant is intercropped with other species (e.g. Pimentel, 1961; Tahvanainen 
& Root, 1972; Root, 1973; Cronartie, 1975b; Ralph, 1977; Bach, 1980a,
1980b, 1984; Risch, 1980) and several butterfly species have been shown to 
increase time spent in a good patch of host-plants by increasing turning 
rate with the overall effect of increasing host encounter rate above that 
expected by randan search (e.g. Wiklund, 1974; Jones & Ives, 1979; Rausher, 
1979b; Stanton, 1982; Stanton & Cook, 1984).

However the behaviour of a number of butterflies does not appear to 
conform to the resource concentration hypothesis and isolated peripheral 
plants are used disproportionately (e.g. Kobayashi, 1957; Ito, 1960; 
Pimentel, 1961; Crcmartie, 1975; Jones, 1977; Wiklund & Ahrberg, 1978; 
Shapiro, 1980, 1981; Courtney & Courtney, 1982; Maguire, 1983; Root & 
Kareiva, 1984; Dennis, 1983b). A number of explanations have been proposed 
to explain the apparent anomaly, see Table 2.2.

A number of these hypotheses have been tested and either supported by 
the available evidence for example: (2) Courtney, 1980; Rausher, 1981b; (3) 
Wiklund, 1974; (6 ) Root & Kareiva, 1984; (8 ) Ives, 1978; Courtney, 1981;
(10) Courtney & Courtney, 1982; (12) Mackay & Singer, 1982; Jones, 1977a;
(14) Courtney & Courtney, 1982 or refuted by it for example: (3) Courtney & 
Courtney, 1982; (5) Courtney & Courtney, 1982; (6a) Root & Kareiva, 1984;
(15) Courtney & Courtney, 1982.

The diversity of mechanisms is not unexpected given that the studies 
involve a number of different butterfly species, and also given that both 
edge effects and low density effects can be involved.

As suggested by several of the hypotheses above the problem of plant 
availability again arises when attempting to assess searching efficiency - 
how many of the plants do the butterflies perceive yet choose to ignore,
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Table 2.2 : Hypotheses to explain the disproportionate usage of isolated 
peripheral plants.

Hypothesis Source

1) Result of active preference.

2) Isolated plants are more 
apparent.

3) Isolated plants are of superior 
quality/suitabi1ity.

4) Plants on the interior of dense 
patches are literally in
accessible to the fanale butter
fly.

5) Parasitoid avoidance mechanism.

6 ) Part of a risk spreading strategy 
which minimizes a) variance in 
survivorship and/or b) density 
dependent mortality.

7) Avoidance of kin competition by 
spreading eggs in space.

8 ) Isolated plants are bigger and in 
proportion to leaf area/number of 
oviposition sites are not differ
entially attached.

9) Physiological incapacity to 
change.

10) Females are more responsive 
after flying long distances.

11) Result of search activity being 
concentrated in areas where host 
plants are sparse.

12) Artefact of sampling frcm random 
points within the habitat such 
that the probability of any 
plant being found is pro
portional to the domain 
surrounding it and isolated and 
edge plants thus have a dispro
portionate probability of being 
found.

Rausher et al., 1981; Mackay & 
Singer, 1982.

Crcmartie, 1975; Courtney, 1981; 
Rausher, 1981; Rausher et al.,
1981.

Wiklund, 1974; Courtney & Courtney, 
1982; Mackay & Singer, 1982.

Crawley (pers. carm.).

Sato, 1979.

Root & Kareiva, 1984.

Root & Kareiva, 1984.

Ives, 1978; Courtney, 1981.

Shapiro, 1981c; Root & Kareiva, 
1984.

Courtney & Courtney, 1982.

Mackay & Singer, 1982.

Pielou, 1969; Jones, 1977; Wiklund 
& Ahrberg, 1978.
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Table 2.2 : Continued.

Hypothesis Source

13) Butterflies perceive and respond Mackay & Singer, 1982. 
to clumps in the same way as
isolated plants.

14) A refractory period follows each Courtney, 1980. 
oviposition such that the female
flies away from the plant before 
ovipositing again.

15) It results frcm the female move- Courtney & Courtney, 1982. 
ment pattern where there is in
creased turning at the edge.
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and to what extent does pattern of search override preference? For 
example, Mackay & Singer (1982) found that whilst Euptychia libye had a 
preference for clumped plants, disproportionately more low density plants 
were attacked due to a random initiation of search after oviposition.

In seme circumstances search behaviour is very obviously adapted to 
increase encounter rate as observed in Australian and Canadian races of ]?. 
rapae (Jones & Ives, 1979). It has now also been demonstrated that several 
apparently polyphagous species consist of individuals exhibiting different 
specialist strategies (e.g. Stanton & Cook, 1984; Tabashnik et sd., 1981) 
which thereby increases the searching efficiency of individual races and 
may cause differences in larval digestive physiology (e.g. Rausher, 1982). 
However several studies now indicate that it is not just host encounter 
rate per se that limits fecundity, but encounter with "available" plants, 
for example Root & Kareiva (1984) found that encounter rate was not 
maximized, an average of between 5 and 10 plants were passed over for every 
egg laid, yet after a feeding bout on one plant 68% of subsequent feeding 
bouts occurred on the nearest neighbouring plant, Hayes (1981) found that 
only 7.6% of available hosts were used yet 20% of these were used 
repeatedly.

In theory it seems unlikely that host encounter rate should have any 
extreme effects on realized fecundity except under extraordinary con
ditions, because where host plant availability is liable to large 
variations the adult (and the larva) should have evolved the ability to 
find and use alternative host species (Jaenike, 1978; Wiklund & Ahrberg, 
1978). P. rapae however is an obvious exception to this prediction (Jones 
et al., 1980) .■

A detailed examination of A. cardamines search behaviour was not 
possible in the present study because of lack of manpower and the number of 
hedgerows, rivers, etc. in the habitat but a limited number of conclusions 
may be drawn from examination of egg distribution patterns.
2.2.3.2 Methods and Results
(i) Effect of female age on egg age composition in the ovarioles 
(1) Method

Females were killed at different chronological ages (without having 
fed or laid any eggs) to trace the egg maturation process. The eggs of 
dissected females were classified as chorionated, yolked or immature. 
Unfortunately, the freezer was switched off before all the dissections had 
been completed and many species were destroyed, so that the sample sizes
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are variable and smaller than intended.
(2) Re£ults_

The results are given in Appendix 4. A significant change in the egg 
composition occurs between 2 and 6 hours after eclosion. On eclosion 
immature eggs constitute approximately 75% of the egg load, 25% of the eggs 
are yolked and no eggs are chorionated. Within 6 hours the proportion of 
immature eggs has dropped as eggs shift into the yolked and mature classes. 
In the absence of egg laying or feeding, the proportion of chorionated eggs 
thereafter seems to remain relatively constant for up to 6 days at about 
5%. As seen in the pupal weight/egg age composition experiment, much of 
the variation in percentage of chorionated eggs for a given age of female 
is associated with variation in pupal weight.
(ii) Effect of flowerstalk density on hourly rate of oviposition
(1) Design

5 flowerstalk densities - 1, 2, 4, 8, 16 each replicated 10 times.
(2) Method

The experiment took place on the 2nd and 3rd days after mating. Each 
female was caged for 1 hour with each density of flowerstalk, presented in 
a randomized sequence. Three and two densities were presented on the 2nd 
and 3rd days respectively. Eggs were counted at the end of each hour and 
fresh flowerstalks used for each density.
(3) Result^

The data were analysed using two 1-way ANOVAs with blocks (the in
dividual females). In the first ANOVA neither the stalk density nor female 
differences significantly affected hourly oviposition rate, ^  = 0.094 
and Fg = 2.04 respectively, (see Appendix 5 and Fig. 2.8). Though I 
tried to standardize the age and pupal weight of females used in the 
experiment, mating success, emergence times of stocks and cage availability 
did not allow ccmplete uniformity. Thus in the second ANOVA a significant 
effect of individual females on the oviposition rate was detected F^ ^5 = 
3.51, p < .005, see Appendix 5 and Fig. 2.8. The relationship between 
pupal weight and egg laying rate (averaged over 5 hrs) is shown in Fig. 2.9 
and Appendix 5, it may be slightly curvilinear. There was no significant 
relationship between mean egg laying rate and the ages of females used in 
the experiment (r = .21, 8 df).

Egg laying rate was most significantly affected by the number of hours 
that had passed since the start of egg laying F^ ^5 = 6.68, P < .005. The 
mean rate tailed off towards the end of the three hour session on the first
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Fig. 2.8
(a) Effect of flowerstalk density on mean hourly 

oviposition rate (n= 9 females), densities 
presented for an hour per trial in randomised 
sequence.

Analysed using a 1-way ANOVA with blocks (the females) , for 
stalk density F(4,36) = 0.094, NS and for blocks F(9,36)
= 2.04, N S .

(b) Effect of time (hours) since the start of lay-
ing on mean hourly oviposition rate (n= 9_____
females), fresh stalks presented each hour.

NB. Females left overnight without plants between 3rd and 
4th hour of oviposition.
Analysed using a 1-way ANOVA with blocks (the females) , for 
time F(4,36) = 6.68, p<.005, and for blocks F (9, 36) = 3.51, 
p <.005.

(c) Variation between females in the mean number 
of eggs laid per hour (during the first 5
hours of egg laying in a females life, n=5hrs).
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Fig. 2.9 Relationship between mean eggs laid per hour 
(during the first 5 hours of egg laying) and 
pupal weight of female (mg)

Fitted regression equation is: y = 0.08x - 5.47, r^=62.4% 
F (1, 8) = 13.27, p <.01
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day, picked up slightly for the first hour of the session on the second day 
(there was a 20 hr break without host plants between sessions) but then 
fell again. The raw data are presented in Appendix 5 and Fig. 2.10. The 
ratio of variance in oviposit ion rate to mean rate for the females studied 
suggests there is individual variability in an oviposition strategy. Sane 
females significantly clumped their egg laying with respect to time, whilst 
others laid in a randan pattern (see Appendix 5).
(iii) Effect of number of Sunshine' hours on mean hourly oviposition rate 

for females presented with a limited host supply
(1) Method

Single females were placed in a net cage with 20 flowerstalks. The 
number of eggs laid and the distribution of eggs per flowers talk were 
counted after two hours and again after six hours. The experiment was 
repeated seven times, an additional three females were observed for 2 
hours.
(2) Results_

The results are presented in Fig. 2.11 and Appendix 6. In the first 
two columns, the total eggs laid during the 2 or 6 hour period are divided 
by the relevant number of hours to give mean per hour for the whole period. 
Column 3 of Appendix 6 gives the total number of eggs laid frcm the 3rd 
hour to the 6th, divided by four. There is a substantial drop in rate of 
egg-laying with increasing time available irrespective of whether the 
second or third column of data is compared with rate of oviposition over 
the shorter 2 hour period. The mean of the difference between oviposition ■ 
rate in columns 1 and 2 (paired by female) was significantly different from 
zero (the expected value if the null hypothesis (no difference in rate) 
were true), t = 2.815, CX = .03.

Occasionally, the rate of oviposition was checked more than twice and 
the results are shown in Fig. 2.12. With the exception of $2, there 
appear to be distinct "recovery phases" between bouts of egg-laying. In 
most cases oviposition rate was most rapid in the first hour of egg laying 
and then deaccelerated.

The distribution of eggs per stalk was significantly aggregated after 
2 hours for two out of ten females. One female laid twenty eggs on a 
single flowerstalk even though there were eleven unoccupied stalks avail
able to her (in the field the maximum number of eggs observed per stalk was 
six). The distributions of eggs laid by the remaining 8 females did not 
differ significantly from random (see Appendix 7a). Of six females studied
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Fig. 2.10 Temporal pattern of oviposihion in the first 5 
hours of laying (10 trials with different 
females).
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Fig. 2.11 Effect of 'sunshine1 hours on mean hourly ovi-
position rate of 7 females, host, plants limited.

1 1 x rate per hour after 2hrs ,[[[[[[1 x rate/hr after 6hrs.

Fig. 2.12 Hourly variation in rate of egg accumulation for 
five females caged individually.
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for six hours, the distributions laid by three females were more over
dispersed than at the two hour stage, those of two females became more 
aggregated and one distribution did not change (see Appendix 7b).
(iv) Effect of female density and plant density on eggs laid in the green

house
(1) Design

2 x 2 factorial
Treatment A) Levels of female density

1 ) 1 female
2) 3 females in cage simultaneously

Treatment B) Levels of plant density
1) 5 flowerstalks
2) 25 flowerstalks

Replication varied (see Discussion)
(2) Method

The experiment was conducted in a muslin cage 1.78 m long x 1 m high x 
1.84 m wide in a greenhouse lit by 6 quartz halogen lights, at a photo
period of 15 hours light (6 a.m. to 9 p.m.). Temperature and humidity 
varied with time of day, with a peak of up to 35°C and 95% RH occurring be
tween 2-4 p.m. each day. The pattern was consistent over the entire 
experimental period. Age category 1-2 plants were used and presented as 
single inflorescences in pots. At stalk density 5, one pot was placed in 
each corner of the cage and a fifth pot put in the centre. At stalk 
density 25, a further 4 pots were placed in a square arrangement around a 
central pot in each of the five locations. Females were lab-reared. An 
even sex ratio was maintained in the cage.

The experiment ran for 24 hours frcm the start of egg-laying and eggs 
per plant were recorded every hour after 9 a.m. At the end of the experi
ment, females were transferred to another cage with fresh plants, and the 
number of eggs laid per day was recorded until death. Dead females were 
dissected and any remaining eggs determined. Fresh plants were used at the 
start of each experiment.
(3) R equite

The supply of adults ran out before the experiment was completed so a 
full analysis of the results could not be attempted. Dissection showed 
that none of the females had mated, (as was suspected when none of the eggs 
coloured up).

Appendix 8 suggests that there is no significant interference, and
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that the number of eggs laid by a single female is the same as the mean 
number laid per female when three females are present (see Column 4). The 
mean number of eggs per ovipositing female was, if anything, higher at 
higher female densities.

With 3 females, the variance in the number of eggs laid at low stalk 
density was higher than at high stalk density, but the mean number of eggs 
laid per treatment was very similar.

The mean lifetime fecundity of these virgin females was about 14 in
fertile eggs (see Column 8 ). One of the single females had a defective 
ovipositor and was unable to detach single eggs for oviposition. On 
average 17 chorionated eggs were present in the abdomen at dissection, 
giving an average of 30 eggs chorionated during the lifespan. This figure 
is undoubtedly an underestimate for females in the field, as the captive 
females showed little interest in feeding and oviposition. The number of 
immature and yolked eggs remaining at death (see Column 11) was approx
imately 250 eggs. The last column of Appendix 8 gives the mean number of 
eggs laid per hour during the light period of the experiment. Egg-laying 
appears to be aggregated in time, and the number of eggs laid per hour is 
documented in Appendix 9. With the high density females on the high 
density of flowerstalks oviposition is also significantly aggregated in 
space (see Appendix 10). With a low density of flowerstalks, the eggs are 
distributed more regularly in two cases, but are aggregated in the third 
case.

At the high flowerstalk density, where the stalks were presented in 
clusters, there was no evidence to suggest that the central stalk received 
fewer eggs, but access was probably not impaired.
(v) Effect of patch density and female density on oviposition frequency, 

egg distribution and feeding, flight and rest behaviour
(1) Design

Patch density: 1, 2, 4, 8 flowerstalks
Levels of female density: 1 and 3, 10 and 5 replicates respectively

(2) Method
The experiment was conducted in a net cage 266 cm long x 119 wide x 

102 high within a greenhouse at approximately 30°C and 85% RH. Each corner 
of the cage was numbered and patch densities (of potted plants) randomly 
assigned to these positions for each replicate. Each marked female was 
released at the centre of the cage. Time spent in flight, rest, feeding 
and inspection behaviour together with patch position were recorded for up



62.

to 3 hours using a 15-track event recorder. Numbers of eggs laid on each 
flowerstalk were checked hourly. Buds, flowers and pods per stalk were 
also recorded.
(3) Results

A) Effect of patch density and female density on mean eggs laid per 
patch per female and mean eggs laid per flowerstalk per female

Patch density did not significantly influence the number of 
eggs laid per stalk per female, and therefore did significantly affect the 
mean number of eggs laid per female per patch (see Appendices 11, 12, 14a & 
15), i.e. the overall means of eggs laid per patch match well with the 
corresponding patch densities. Within a three hour session there is 
approximately a one egg to one stalk ratio for each female though in the 
one stalk patches the ratio is closer to 2. This non-significant trend of 
increasing egg: stalk ratio with decreasing stalk (patch) density was 
evident from the first hour (see Appendix 13a).

At high female density significantly more eggs per stalk were 
laid per female, (see Appendix 15) while overall the mean number of eggs 
laid per female per patch was 5 + 0.83 eggs with 3 insects and 3.325 + C)*!59 
with a single butterfly, (which just fails to achieve significance) (see 
Appendix 14). Again the trend was for increasing female density to in
crease rather than inhibit the mean number of eggs laid per female (e.g. a 
mean of 2 0 + 4 . 9 6  eggs per female - density = 3; a mean of 13.3 + 2.75 eggs 
per female - density = 1 ).

There was no significant difference in the mean age or pupal 
weight of females used for the two density treatments (see Appendices 11 &
12). However by the end of the experiment there were significant differ
ences in the proportion of eggs received by the different density patches 
at high and low female density (see Appendices 16 & 17). At low female 
density a significantly smaller proportion of eggs were allocated to single 
flowerstalks and a significantly higher proportion to patch density 8 (see 
Fig. 2.13). Analysis of variance shows that the interaction effect of 
female density and patch density on egg allocation per patch is significant 
at the 5% level (see Appendix 17).

B) Effect of female density on distribution of eggs per flowerstalk
The number of eggs per flowerstalk after three hours was used 

to calculate the variance to mean ratios in Appendix 18. For the single 
females only 2 out of 10 replicates laid significantly non-random egg 
distributions; both these were clumped. At high female density all egg
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Fig. 2.13 Effect of patch and female density on proportion 
of eggs allocated to each patch density.

□  one female per trial, n = 133 eggs 
Vy/\ three females per trial, n = 301 eggs
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distributions but one were aggregated.
C) Temporal pattern of egg-laying

The single females in this experiment did not follow the same 
pattern of decline in number of eggs laid per hour with time, as seen in 
other experiments (cf. Fig. 2.8). The mean number of eggs laid in the 
first, second and third hours were 4.2 + 1.2, 4.5+1.27  and 4.6 + 1.07 
respectively. However the trend of decline was observed at the higher 
density of females: 28.2 +_ 9.6, 16.4+4.82 and 15.6 + 3.31 eggs per 
replicate (or 9.4, 5.5 and 5.2 per female) for the first to third hour 
respectively.

D) Effect of pupal weight (mg) on eggs laid per hour by single females
Unlike the flowerstalk density experiment (see Fig. 2.9), there 

was no apparent relationship between eggs laid per hour and pupal weight 
(see Fig. 2.14).

E) Time allocation
a) Effect^ of_temale density on_time allocated tojiifferent 

activities
Appendices 19-21d give the breakdown of time allocated to 

flight, rest, feeding, inspection/oviposition and interference behaviour. 
Flight was not recorded as being associated with a particular patch, though 
in fact there were two types of flight. The first type was 'long-distance' 
flight from one patch to another, the second type was of much shorter 
duration and involved frequent take-off and landing within the same patch. 
Feeding and egg-laying behaviour were necessarily associated with patches 
but resting could also take place on the walls or floor of the cage.

Fig. 2.15 summarizes the time budgets for the high and low 
female density trials. There is little difference in time allocation 
within the two categories. Obviously interference is only possible at high 
density, but though the results of encounters may be far reaching (e.g. 
displacement from a chosen patch) the actual time expenditure is only 3%. 
The apparent reduction in inspection time at high female density is not 
significant when the arc-sine transformed data are used (F^ ^3 = 2.47).

b) E_ffect_of_ patch density on_time allocated to_thejli_ff_erent 
patches^ by_single_ female^

The proportions of time spent in the different density 
patches do not differ significantly from the proportions predicted from the 
ideal free distribution, i.e. time is allocated purely on the basis of 
number of flowerstalks present (see Fig. 2.16). Total time in these cal-
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Fig. 2. 14 Effect, of fenukle pupal weight: on 
eggs laid per hour
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Fig. 2.15 Effect of female density on the mean proportion
of time allocated by females to different
activities.

□  One2 in cage, n=lo2s, total obs-

Fig. 2.16 To show the time allocated by single females to 
different patch densities compared with the all-
ocation predicted from an ideal free distribution
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culations is total time spent in patches (i.e. flight and 'resting on the 
cage' time is excluded). The goodness of fit to the predicted distribution 
is shown in Appendix 22.

c) Effe£t_of patch and f^emle_den£ity_on the proport_ion_of_ activity 
time wi^in_pat£hes_al_loca_ted_to £a£h_pat£h_d£n£ity

Fig. 2.17 shows that there is a marked contrast between the 
behaviour of females at high and low female density. Whilst single female 
time is allocated in proportion to resource availability, at the higher 
female density time is allocated more evenly between different density 
patches. This is in accordance with the prediction that interference 
should lead to more time spent in the poorer patches (see Introduction 
2.2.3.1). A two-way ANOVA with proportional sub-classes on arc-sine trans
formed data showed that the interaction between female density and patch 
density had a highly significant effect on proportion of time allocated to 
the different patches (F-. Q , = 4.79, p < .005) as did patch density itselfj /o 4
(F_ o/i = 8.62, p < .005). For inclusion in this analysis, each female mustO f  o4
have spent seme time in one of the four patches. Two of the 15 females 
observed at high density simply sat on the net, and have been emitted, so 
that n = 13. The breakdown of patch time allocation for each individual is 
given in Appendices 23a & 23b.

d) Time_budge£s_of_ £ndivi£u£l_behaviour£
Examination of hew particular behaviours are distributed 

amongst the patches shows that feeding, resting and inspection behaviour of 
single females all contribute to the overall distribution observed.

At high female density, females spent significantly less 
time feeding and resting in patch density 8 and significantly more time at 
patch density 1 than for single butterflies, (see Figs. 2.18 & 2.19, 
Appendices 24 & 25). A further difference was that at high female density 
a greater proportion of time was given to just sitting on the net.

Inspection and oviposition time actually decreases with 
increasing stalk density for the high female density trials.
(vi) Oviposition patterns in Silwood Park
(1) Method

Flowerstalks were checked for eggs daily in 1982 and 1983 at all sites 
in Silwood Park (see Map 2.1), and daily at the Kissing Gate in 1981, but 
less regularly at the other sites.
(2) Re£ult£

In each of the 3 years the Kissing Gate was the first site in Silwood
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Fig. 2.17 Effect of patch and female density on 'the prop
ortion of activity time within patches allocated 
to each patch density

Fig. 2.18 Effect of patch and female density on the prop
ortion of feeding time spent in different patches
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Fig. 2.19 Effect of female density on proportion of resting
time spent in different patches
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Map 2.1 
To show the distribution of C. 

pratensis within
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to receive eggs, and it is notable that the initial order of egg laying did 
not reflect the relative phenological ages of the flowerstalks, nor the 
eventual larval survival at the different sites. The first eggs were noted 
on the 20th, 11th and 21st May in 1981, 82 and 83 respectively (see Fig. 
2.20). The earlier lay date in 1982 corresponded to the phenological age 
distribution of the flowerstalks, which was almost two weeks older for a 
given date than in the other two years.

The total number of eggs laid at the Kissing Gate in each year 28, 91 
and 53 was at least partly related to the number of flowerstalks present, 
which was approximately 50, 340 and 115 in 1981, 82 and 83 respectively.

The daily numbers of sunshine hours recorded at Bracknell Meteor
ological Office are shown for the egg laying period in Fig. 2.20, and the 
correlation coefficients with number of eggs laid per day at Silwood are 
given in the scatter plots (Fig. 2.21). There was no correlation between 
eggs laid and sunshine hours in 1982 or 1983 (cf. Courtney's data in 
Courtney & Duggan, 1983) and the correlation in 1981 is based on very few 
laying days. The correlation in Durham and lack of correlation in Silwood 
may be explained by a difference in methodology. Courtney removed the eggs 
from his plants at the end of every day, whilst in Silwood Park egg density 
was allowed to build up and hence stalk availability may have been limiting 
at certain dates. Availability might be assessed to a limited extent in 
terms of stalk age distribution, but insufficient knowledge of the other 
factors influencing host choice prevents proper assessment (see Section 
2 . 2 .3 .1 ) .

There are no significant differences in the mean number of sunshine 
hours per day for the peak egg laying periods either between years or be
tween north and south. The means are 4.1 + 1, 6.2 + 1, 5.5 + .8 hours for 
1981, 82 and 83 in Ascot, and 4.9 + 1.1, 5.1 +1.1 for EXirham 1978 and 79, 
and 5.5 + 1.2 for Croxdale 1979. Sunshine hours are not always a good pre
dictor of favourable weather conditions for flight, consecutive hours of 
sunshine are better than the same quantity of sunshine in intermittent 
bursts (1981 for example was considered a bad year for flight in Ascot). 
Also A. cardamines was observed on the wing at Binfield on days when no 
sunshine at all was recorded at nearby Bracknell.
(v) Observations on oviposition behaviour in the field 
(1) Method

Female butterflies were followed and their behaviour categorized as 
follows: oviposition, inspection (in cases where an egg was not deposited),
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Fig. 2.20 To show the number of eggs laid for sites within 
Silwood Parh in relation to daily sunshine hour 
records

a) Kissing Gate

b) Pond Field.
c) Rush Meadow. 

Farm.

—•- = no. eggs laid/day 1982; total eggs 
for year = 91

--- = no. sunshine hours 1982
= no. eggs/day 1981; year tot = 28 

» - 1982/ year total = 66 eggs
= i  1981, year total = 3 eggs
—•—  1982, year total = 44 eggs

•i 1982, year total = 6 eggs

to p  Jed  p ;e | s 66e 40 - on
vs -Q o
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Fig. 2.20 (cont.)
d) Kissing Gate. -®— = no. eggs laid/day 1983; year total= 53

---  = no. sunshine hours 1983

e) Rush Meadow. —•—  1983, year total = 60 eggs
f) Farm. —•—  1983, year total = 43 eggs

■o ©



Fig. 2.21 Scatter plots of number of eggs laid per day in 
Silwood Park against daily sunshine hours.

a) 1981. Mean sunshine hours between 20.5.81 and 31.5.81 
was 4.1 + 1.0 hours per day, r = 0.66, 10 df, 
p <. 05

b) 1982. Mean sunshine 
was 6.2 + 1.0

hours
hours

c) 1983. Mean sunshine 
was 5.5 + 0.8

hours
hours

between 15.5.82 and 31.5.82 
per day, r = 0.074, 15 df, NS

between 21.5.83 and 9.6.83 
per day, r = -0.21, 18 df, NS
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feeding or resting. The number of flowerstalks directly passed over be
tween activities was counted. Results were noted on a portable cassette 
tape-recorder.
(2 ) Re£ults_

The majority of females followed either fed, flew off over an in
surmountable barrier (a hedge or ditch), or were chased off by male harass
ment. Two females, which were followed for approximately half an hour 
each, provided the results depicted in Fig. 2.22.
(vi) Spatial and temporal pattern of oviposition behaviour in Pond Field,

1982
(1) Method

All flowerstalks in Pond Field were checked daily for the appearance 
of new eggs and the locations of this daily oviposition was noted on a map 
showing the distribution of the flowerstalks.
(2) Results_ and discussion

Only single females were observed in Pond Field at a given time and it 
seems reasonable to assume that all the eggs laid on a given day were the 
progeny of a single female. The simplest route taken by the female in 
crossing the field might thus be plotted by linking the oviposition points 
on a particular day.

This type of analysis led to several findings (see Figs. 2.23 and 
2.24). There appeared to be two main routes across the field. From 15th- 
24th May the field was traversed diagonally in the SW-NE plane from the 
Silwood end of subplot 1 to the East Lodge comer of subplot 2 (though the 
direction of movement is unknown). This might well be a connecting route 
between the Ribblesdale site (not far from East Lodge) and the Tetworth 
Hall site (south west of Pond Field and Elm Slope). Thereafter oviposition 
increased at the Kissing Gate side of Pond Field and several north-south 
flight paths were plotted in subplot 1 together with a couple of flights in 
a NW-SE plane, these all suggested entry from or exit to the Kissing Gate 
site. The change in pattern of exploitation could either have represented 
the behaviour of two different females or been due to a change in the 
phenotypic suitability of the flowerstalks along the first flight path or a 
decrease in stalk availability as the number of eggs along the path 
accumulated.

It was notable that multiple eggs were laid on the same day in the 
same clump in a number of spots, which suggested either that females did 
not automatically leave a clump after oviposition or that they returned at
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Fig. 2.22 To show the number of flowerstalks passed over 
before a particular behaviour is enacted, as 
well as the sequence of behaviour observed in 
the field, Binfield 1982.
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Fig. 2.23 To show possible routes flown by A. cardamines 
females whilst ovipositing on consecutive days.

a) Route taken on:

.. ., , ■ 15th May 1982

-----------------  18th May

b) __________________ 20th May

__________________ 21st May

.................. 23rd May

c) __________________ 24th May

___________________ 26th May
xxptjtjcxxx.xxxxxx' 27th May

..................  28th May
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Fig. 2.23a
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Fig. 2.23c
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Fig. 2.24 To show the distribution of £■ pratensis 
flowerstalks in Pond Field, 1982.
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a later time to earlier oviposition sites. Certainly a number of clumps 
were revisited a number of times on different days. One of the largest 
clumps in the field became a focal point for egg laying and received 11 
eggs over a 9 day period.

On several dates only a couple of eggs were laid and it is likely that 
these were the progeny of a female roosting in the field who took to the 
wing for a short flight only.
(vii) Estimates of flowerstalk and egg densities and distributions
(1) Method

Sites at which A. cardamines and C. pratensis were both present, were 
located through colleagues and by visits to wet areas shown on local 
Ordnance Survey maps (Appendix 26).

Visits began in mid-April, but the data represented here were 
collected at the height of the season. Oviposition began 2 weeks later in 
1983 than in 1982 due to a wet spring. The following notes were made: 
weather for preceding few days; type of habitat - streamside, wet meadow, 
roadside, woodland; dominant vegetation type - grass or Juncus sp.; degree 
of shading - tree-shaded or not, Cardamine plants overtopped or not; number 
of sides of site enclosed by hedges; presence and abundance of alternative 
species of Cruciferous hosts; total area of the site - as bounded by the 
most extreme flowerstalks; area occupied by plants - obvious large "empty" 
patches of ground were paced and their area subtracted from the total site 
area to give a measure of area occupied; mean flowerstalk density per 
square metre - estimated by throwing a random 50 x 50 cm quadrat; mean egg 
density per square metre - estimated simultaneously with stalk density and 
any incidence of superoviposition was noted; flowerstalk age distribution - 
assessed by examining approximately one hundred of the flowerstalks found 
in the random quadrats in different parts of the field and scoring them 
between 1 and 5: 1 - all buds, 2 - buds and flowers, 3 - more buds and 
flowers than pods, 4 - more pods than buds and flowers, 5 - all pods; egg 
age distribution - assessed from all the eggs found by scoring them between
1 and 5 according to colour: 1 - white (laid that day), 2 - pale orange (1-
2 days old), 3 - dark orange (2-10 days old), 4 - brown (4-10 days old), 5 
- 1st instar; patchiness index - calculated by walking a 30 metre transect, 
stopping every 3 metres and recording whether or not C. pratensis was 
present within half a metre either side of the feet.
(2 ) Rfi£ults_

The results are summarized in Appendix 27. Only those correlations
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significant at<X= .05 or better are discussed. Other correlations are
given in Appendix 28. Patch size is taken as the estimated ground area

2containing flowerstalks. Egg density per m is averaged over the entire
2sampled area, in contrast to 'eggs per m of flowerstalk', which estimates

egg density over the area of stalk-containing quadrats. Since multiple
oviposition is relatively infrequent, analysis using egg to flowerstalk
ratio gives very similar results to analysis using percentage of flower-
stalks infested, and only the latter is shown.

2Mean egg density per m per site rises with increasing mean flower
stalk density, suggestive that a constant proportion of flowerstalks is
attacked (see Fig. 2.25). The regression equation is y = .382 + .0508 x,

2(r = 32%, p < .01). The two sites with the highest mean flowerstalk 
density greatly influence the slope of the line, and hence the estimated
proportion of stalks used. For a line fitted through the first 18 points,

2 . . . . .b rises to 0.10 (r = 64%). There is a suggestion of non-linearity m  Fig.
22.25 and using a log-log plot increases the fit to r = 37.5%, from the 

regression equation y = -1.77 + .667 x (natural logs). If plotted in this 
form, a comparable picture is obtained for the data collected by Francis 
Ratnieks in Northern Ireland and by Roger Dennis in Cheshire (see Fig. 
2.26).

Although it appears from Fig. 2.25 that on average 5% of the flower- 
stalks receive eggs, there is a great deal of residual variability about 
the line. Two factors may contribute to the variability. Firstly there is 
a significant negative relationship between percentage infestation and 
flowerstalk density (r = -.488, 18 df, p < .05). At the highest flower
stalk densities there is an apparent dilution effect and egg-laying 
possibly does not keep pace with flower density (see Fig. 2.27). This 
effect also occurred in N. Ireland despite the lower densities there (see
Fig. 2.28). Secondly there was a significant positive relationship be-

2tween percentage of flowerstalks infested (y) and size of patch, (x) m
2with the fitted regression yielding the equation y = 9.42 + .0002 x, r = 

46.6% and F^ ^g = 15.69.
The percentage of infested flowerstalks decreased with increasing 

aggregation of the flowerstalks (as measured by V/M ratio), r = -.447, but 
this effect cannot be separated from the flowerstalk density effect. 
Variance in flowerstalks per quadrat increases with increasing mean density 
per quadrat (see Fig. 2.29). The fitted regression for the log-log plot is 
y = 1.35 + 1.14 x, (r^ = 83.2%, p < 0.005). The slope is not significantly
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Fig. 2.25 Relationship between egg and flower stalk
density for sites in Berkshire, Sussex, Surrey, 
Oxfordshire.

Fitted regression is y = 0.382 + 0.051x; r = 0.566, 
p < 0.01 with 18 df.
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Fig. 2.26 Relationship -between eggs/mz and inflorescences 
/ma at 7 sites in Northern Ireland, and Cheshire.

• Data from F. Ratnieks, 1981 (unpubl.) 
9 Data from R. Dennis
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Fig. 2.27 Relationship between percentage of flowerstalks 
infested and mean flowerstalk density (m2), 
Berkshire, Sussex, surrey, Oxfordshire.

Fitted regression is y = 17.5 - 0.691x, r z = 23.8%
f(L, IS) = 5.63, p .05

Arc sine transformed: y = 23.4 - 0.539x, r i =  18.4%
F (1,18) = 4.05, r -= 0.429, pC.05

Fig. 2.28 Relationship between percentage of inflorescences 
infested and flowerstalk density, Northern Irela 
Ireland and Cheshire.

• indicates Irish site, data from F. Ratnieks (unpubl.)
■ indicates Cheshire-site, data from R. Dennis
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Fig. 2.29 Relationship between variance and mean of flower- 
stalks per quadrat.

2Fitted regression equation is: y = 1.35 + 1.14x, r = 83.2%, 
F (1,18) = 88.93, p < . 005 .
Loge sx = logt a + b logcx, S.E.a = 0.1302, S.E.^ = 0.1205 
Test of log* a ^ 0 (i.e a f* 1) , t = 10.38
Test of b. 1, t = 1.13, i.e. the flowerstalks are signif
icantly aggregated.

Fig. 2.30 Relationship between aggregation in egg-laying 
and flowerstalk distribution.
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different from 1, but the distribution is not Poisson because the intercept 
a is significantly different from 1 (t = 10.38).

A scatter plot of V/M ratios, of eggs per flowerstalk and flowerstalks 
per quadrat suggests that eggs are more clumped with respect to flower- 
stalks when the flowerstalk distribution itself is aggregated (see Fig. 
2.30) though again caution in interpretation must be observed due to the 
inherent density effect, also two sites lie outside this relationship.
A) Territoriality

The adult female might measure territory either in terms of area or
number of flowerstalks defended, if a fixed area were defended then a
stepped function in a plot of total eggs laid versus area of site would
indicate territoriality. There is no such evidence of territoriality in
Fig. 2.31, a plot of log total eggs laid (mean egg density x calibratione
factor x area) against log0 area of site. The calibration factor corrects
for the over-estimation of egg density by random quadrat throwing, when
compared to actual counts in the same area. If each female is assumed to
have a field fecundity of 100 eggs (based on estimates of oviposition rate,
field longevity (Courtney & Duggan, 1983) and weather) number of females
per site and hence area per female can be estimated. Mean area per female
over all sites (excluding Pyrford 2) can also then be determined (estimated

2territory size = 1611 + 387 m ) and a predicted step function drawn. This 
function provides a poor fit to the observed data, but there is a closer 
match between the number of observed/caught females and the predicted 
number at six sites, than between the observed and an estimate based only 
on total number of eggs laid divided by 100. The predicted function, 
though based initially on the average figure of 100 eggs/female, does 
accomodate variability in female fecundity.

Many manmals are known to adjust territory size in relation to 
resource availability and it is possible that A. cardamines might adjust 
the size of the defended area according to flowerstalk density. The 
estimated mean number of flowerstalks per female was 1110 + 189, but this 
step function gives no better fit, (Fig. 2.32) and less agreement with 
observed adult densities at six sites than the area function.
B) Pattern of butterfly oviposition
a) Di£per£ion_of_ egcjs_per_flowerstalk

Variance/mean ratios for eggs per flowerstalk are given together with 
significance test results in Appendix 29. Eleven of the ratios do not 
differ significantly from randomness. Of the 9 sites where the distri-
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Fig. 2.31 Relationship between total eggs per site and 
site size (m1) .

Fig. 2.32 Relationship between total eggs per site and 
total stalks per site.
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bution of eggs per stalk is nonrandom, two sites exhibit regular distri
butions and seven aggregated distributions. Goodness of fit to the Poisson 
distribution using a Chi - test can not be applied in the majority of 
cases, because the mean egg density per flowerstalk is so low (see Appendix 
30). Most of the aggregated eggs tend to be on the lower density stalks 
(see Fig. 2.33).
b) Dispersion,_of ^gs_jper_flcwer bearing cfuadrat.

It was assumed that no eggs would be found in quadrats which did not
contain at least one flowerstalk, and the variance to mean ratio of eggs
per quadrat was therefore calculated using flower bearing quadrats only.
In seven cases the distribution did not differ significantly frcm random,
whilst at the remaining 13 sites the eggs were significantly aggregated in
certain quadrats (see Appendix 31). The build up of eggs in the same
quadrat can occur over as long a period as two weeks (when the temperature
is low and egg development rate slow), but whether this represents the
return of the same female to a preferred spot or whether there is seme
inherent attraction in certain quadrats that leads several females to
oviposit in the same place is unknown.

The observed egg distributions per quadrat and those expected frcm the
. 2Poisson distribution are given in Appendix 32 for each site. Again Chi -

tests of goodness of fit are not calculated due to the low mean giving low
expected frequencies in most categories. The largest number of eggs found

2in a single 0.25 m quadrat was 10.
c) Ris_k_of att_a£k_to b^dividual_f]£we£s£ah<_s atjd^fferent_den£it_i£s

The bulky nature of this data prohibits inclusion here of the results 
for all but a few sites. Appendices 33a and b exemplify data on the 
probability of attack for flowerstalks at different densities. An attack 
constitutes the presence of at least one egg on the stalk and additional 
eggs on the same stalk are ignored. Thus the first column in the 
Appendices is simply the number of flowerstalks found in a quadrat, the 
second column is the frequency of such quadrats, and the probability of 
attack of an individual stalk in each category is the number of attacked 
stalks divided by the product of columns 1 and 2. This probability 
function at seven of the 19 sites appeared to be U-shaped (see Fig. 2.34). 
There is a higher probability of an individual stalk being attacked at 
either extreme of density. Care must obviously be taken in interpreting 
these results as the frequency of high density patches in the field is very 
low under randcm sampling, so confidence in the estimates of the prob-
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Fig. 2.33 Distribution of aggregated eggs with respect to 
stalk density.
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Fig. 2.34 Site data showing probability of stalk attack at 
different flowerstalk densities per quadrat - 
examples of U-shaped data.
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ability of attack is correspondingly low. The U-shape would be expected if 
the probability of attack on an individual were the product of two opposing 
trends, each curvilinear. From the results it seems that there is an in
creasing probability of a quadrat being found and attacked as flowerstalk 
density within it increases, and a decreasing probability of attack per 
flowerstalk within an attacked quadrat as density increases ('attraction' 
verses 'dilution'). The range of low risk densities varies with site. 
Whilst the probability of individual attack within an attacked quadrat 
drops most steeply between densities of 1 and 3 flowerstalks per quadrat, 
the density at which the proportion of quadrats attacked rises steeply is 
less predictable.

At the Warfield, Odiham and Knaphill sites, the probability of in
dividual attack increases with flowerstalk density (see Fig. 2.35) but at 
the remaining sites there is no discernible pattern.

The last section of the Appendices gives data on attacks per quadrat, 
subdivided according to stalk density. The multiple attacks per quadrat 
tend to be in the higher density quadrats, so that in sane cases the risk 
of attack per individual rises at high density.

Fig. 2.36 exemplifies data on the deviations of the observed number of 
attacks at each density of flowerstalks from the number of attacks expected 
if each plant had an equal probability of being attacked. In addition it 
shows the two functions which contribute to the overall probability of 
attack.
d) Oviposit ion pattern with_respect_to the distribution_of_ other herbivores

Anthocharis eggs are usually laid on stalks which are free of other 
herbivores, with the exception of weevil eggs. The Ceutorhynchus weevils 
oviposit and are most abundant when the flowerstalk is at the bud or very 
early flowering stage (hence prior to Orange-Tip attack). The proportion 
of stalks attacked by weevils is highest for high density clumps of stalks 
and thus coincides with the Orange-Tip pattern of oviposition.

In years of high rainfall during April/early May, slug damage occurs 
before the butterfly oviposition period, but such stalks do not receive 
eggs. However, stalks receiving eggs, particularly those at high stalk 
density, are often subsequently attacked by slugs and the egg covered in 
slime or destroyed.

Aphids are present on the stalk at the time of oviposition, but a 
sample of 400 stalks (at Holyport) scored for the presence or absence of 
aphids did not show a negative association between Anthocharis eggs and the
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Fig. 2.35 Site data showing probability of, stalk attack at
different flowerstalk densities per quadrat -
examples of linear data.
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Fig. 2.36 Histograms to show frequency, of attacks on flower 
stalks at different densities contrasted with the 
expected frequency: 'based on abundance.

izzza
Observed attacks (One attack = one or more eggs) 

Expected attacks 

Probability of clump attack

Probability of individual attack once clump attacked

BROADOAK COMMON
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aphids (a Fisher - Exact two-tailed test using Stirling's approximation 
gave a probability of .296 of the result occurring) (see Table 2.3).

Spittlebug eggs are laid at a similar time to Orange Tip eggs, though 
where the two occur together on a stalk, it is the spittlebug which appears 
slightly later, often drowning the egg in its spittle. Similarly the 
webbing of the totricid larvae usually appears after egg laying by the 
Orange Tip.

Adela rufimitrella adults emerge in June when they oviposit on the 
imnature seed pods, hence they do not influence the oviposition pattern of 
the Orange Tip.

The data in Figures 2.37 and 2.38 compiled during the egg density 
survey show the relative abundance of different herbivores and their dis
tribution amidst the different densities of flowerstalks at three sites, 
data for a further four sites are given in Appendix 34. At the time of the 
survey A. cardamines was the most abundant herbivore recorded at all sites 
except Binfield, however stalks were checked only for adult weevils (which 
had largely dispersed by this stage) and for adult A. ruf imitrella (which 
had not yet appeared en masse), flowers were not checked for oviposition 
holes, which would undoubtedly have tipped the balance towards the endo- 
predators.
e) The_ inOuence_ of_the_surrounding_v^etation onjcvipo^rtion

In 1981 the vegetation surrounding an egg bearing stalk was assessed 
on two counts: first whether it was taller, shorter or of a similar height 
to the flowerstalk; and second the vegetation was scored as of low, medium 
or high density. The results shown in Table 2.4 indicate that most eggs 
are laid on stalks which overtop or are of similar height to the 
surrounding vegetation, and that are relatively free from entanglement by 
other species. The abundance of the different vegetation types surrounding 
C. pratensis stalks was not estimated.
(viii) Flowerstalk attributes and the presence of eggs 
(1) Method

The sites at which these observations were made are described in 
Appendix 26. Flowerstalks were searched until an egg was found. A quadrat 
was then centred on the egg-bearing flowerstalk and the following data were 
recorded:
1 . the total number of eggs on that flowerstalk - in cases of superovi- 

position, egg distribution with respect to inflorescences was noted
2. the age of each egg was scored (see Section 2.2.3.2. vii)



Table 2.3 : Effect of aphid infestation on choice of host plant.

Aphids

Anthocharis Eggs

absent present total

absent 339 30 369 (A+B)

present 28 3 31 (C+D)

367 33 400

(A4C) (B+D)

p = (A+B)i (C+D)I (A+C)• (B+D)! 
N! Ai B1 C! D1

Stirlings approximation: nl /TZ* n+1 -nv 2 K  n /2e
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Fig. 2>37 To show abundance of a . cardamines eggs compared 
with sightings of other herbivores at 
Holyport Verge 1983.

KEY:-
Species

A  Presence of spittlebug
B Fiowerhead webbed by totricid
C Adela rufimitrella adult on plant
D APhids present on plant
E A. cardamines egg
F Unidentified lepidopteran present on plant
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Fig. 2.38 To show abundance of A. cardairtines eggs compared 
with sightings of other herbivores at 
Ribblesdale Park 1983 and Binfield 1983.

KEY:-
Species

A Presence of spittlebug
B Flowerhead webbed by totricid
C A. rufimitrella adult on plant
D Aphids present on plant
E A. cardamines egg
F Unidentified herbivore present
G Plants with slug damage



a)
SPECIES

x/stnlk 
x/mx fs

0 . 0 1 5  

0 . 2 4  6

0 . 3 3 8
5 ^ 3 5 0

-+—I—L—<—«-
2 4

0 . 0 6 2
0 . 9 8 0

0 . 0 0 4
0 . 0 6 1

c
b)

SPECIES
A B E

0 . 0 5 1 0 . 0 0 3 0 . 0 1 7 0 . 0 0 3 0 . 1 1 5

0 . 6 9 0 . 0 3 8 0 . 2 3 1 0 . 0 3 8 1 . 5 8 0

103



104.

Table 2.4 : Effect of surrounding vegetation on choice of host plant. 

Binfield 1981

Height of 
C.p.

C.p. protrudes 
above other Same height 
vegetation

C.p.
overtopped Total

Density of
surrounding
vegetation

Low 10 5 1 16

Medium 7 13 2 22

High 4 4 2 10

Unknown 2 4 0 6

Total 23 26 5

Holyport 1981 

Low 10 2 0 12

Medium 2 4 2 8

High 1 3 1 5

Total 13 9 3
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3. the distance to the nearest egg on another plant (cm)
4. at sane sites the number of plants in a direct line between the egg 

bearing stalk and its nearest egg neighbour was counted
5. the number of eggs in the quadrat. If further quadrats contained the 

same group of eggs, this fact was noted
6 . the height of the plant (cm)
7. the number of buds, flowers and pods (combined) on the flower stalk.

At first, these were individually counted, but since there may be 60 
flowers per stalk, this was quickly abandoned and the flower stalks 
were simply scored as follows: 1 = 0-20 florets; 2 = 21-40 florets; 3 
41-60+ florets

8 . the number of inflorescences or branches per flowerstalk was noted
9. the age of flowerstalk was scored (see Section 2.2.3.2 vii)

10. the number of flowerstalks in the quadrat
11. the distance from the occupied flowerstalk to its nearest neighbour 

(cm)
12. the number of flowerstalks in the clump of flowerstalks (set to one if 

no clump was distinguishable)
13. the distance to the nearest hedge (m)
14. a "patchiness" score - individual shoots were scored according to the 

following scheme:
5 in a clump and a patch of flowerstalks 
4 in a clump but not a patch 
3 in a patch but not a clump
2 in a patch with a just distinguishable clump 
1 not in a patch or a clump
Clumps represent the small scale aggregation of the flowerstalks (each 
clump may be one clone), and patches represent aggregation on a larger 
scale. At seme sites an alternative patchiness score was used:-
0 clumps merge indistinguishably
1 clump edge just distinguishable
2 clump edge very distinct

15. if the flowerstalk was deemed to be in a clump, the distance to the 
edge of the clump was measured (cm)

16. if the flower stalk was in a patch, the distance to the edge of the 
patch was measured (cm)
Once as many eggs as time allowed had been found (this ranged from 9 

to 55), a similar number of randomly chosen plants were examined for com
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parison, (and, of course, random stalks might bear an egg).
(2) Results

A) Correlation matrices
Several of the variables might be different ways of measuring 

the same attribute (e.g. distance to the nearest neighbouring plant, the 
number of flowerstalks in the quadrat and the size of the clump are all 
estimates of stalk density). Correlation matrices were therefore cal
culated to investigate whether it was necessary to measure all such 
variables in the future and also to look for other interesting relation
ships (see Appendix 35).

As expected, in the majority of cases flowerstalk density per 
quadrat and distance to nearest neighbour were significantly and negatively 
correlated for both the egg bearing and control stalks. The number of 
flowerstalks per clump and the quadrat density were significantly and 
positively correlated in approximately two thirds of the cases whilst clump 
size and distance to NN were correlated in less than one fifth of cases.

Amongst the stalk size components the number of inflorescences 
and the height of the stalk are positively correlated in half the cases for 
control stalks. The correlation is only valid between florets and in
florescences and height in 5 cases where the number of florets was counted 
rather than scored. Inflorescence number and floret number were positively 
correlated in 4/5 cases for controls and all cases for egg plants, and 
plant height and florets correlated in 4/5 and 3/5 cases respectively.

The distance to the nearest egg on a neighbouring stalk and the 
number of eggs in a quadrat is significantly and negatively correlated in 
over half the cases for controls and egg plants, but number of flowerstalks 
to the nearest egg is in most cases not correlated with either eggs per 
quadrat or distance to nearest egg.

There is usually only one egg on an individual flowerstalk, but 
positive correlations are found at seme sites between egg number and stalk 
height, floret number and inflorescence number.

As in other experiments, the density of flowerstalks per 
quadrat is usually independent of the size of the stalks (their height, 
florets or inflorescence number).

B) Comparison of the attributes of chosen flowerstalks with a random 
selection of stalks

The results of a number of t-tests and Mann-Whitney tests are 
summarized in Table 2.5. The means (or medians where appropriate) and
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Table 2.5 : Comparison of attributes of chosen flowerstalks and a randan 
selection of stalks - summary of t-test and Mann-Whitney test 
results.

Attribute
Number of sites 
where significant 

difference at 5% level
Number of 

sites Trend

Flowerstalks/quadrat 5 15 +

Distance to nearest 2 15 —

neighour

Distance to nearest egg 7 11 —

(NE)

No. of Fs to NE 1 3 -

Height 2 14 =

Florets 0 5

Inflorescence per Fs 2 14 =

Eggs/quadrat 9 9 +

Clump size 3 15 +

Distance to clump edge 1 8 -

Distance to patch edge 1 3 +

Distance to hedge 4 10 3 - 
1 +

Stalk age 5 15 -

Patchiness 3 14 2 - 
1 +

Florets 0 9

Key: + = Mean value for egg stalks is largest

NB Number of sites varies due to lack of variance in variable at given 
sites.
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standard errors are given in Appendix 37 together with the values of t or 
U i  and the level of significance. Only stalks in a distinct climp or patch 
could be used in calculating distance to the edge of the clump or patch, so 
sample sizes are greatly reduced in non-patchy habitats.

Not a single attribute of the flowerstalks is consistently, 
significantly different between the egg-bearing and the randomly selected 
groups. Due to the cl imping of eggs in space described in Section 2.2.3.2 
vii, however, there are always more eggs in the quadrat centred on an egg
bearing plant than in a quadrat centred on a random plant (trivially, since 
there is at least 1 egg in it). For the same reason, the distance to the 
nearest egg on a neighbouring plant is in all significant cases, shorter 
for egg bearing plants.

Cne of the most noticeable differences between egg bearing 
stalks and others in the field is the age of the stalks selected by the 
butterflies. Stalks are most commonly selected frcm age classes 2 or 3, 
but this selection only becomes statistically apparent as the resource be
comes rare and modal age of stalks in the population tends towards 4 or 5. 
Thus it is only at five sites where the stalk population was phenologically 
older, that chosen stalks are found to be significantly younger than those 
in the population as a whole.

Bgg-bearing stalks tend to be found in denser quadrats or 
clumps, and at a shorter distance from their nearest neighbour than non-egg 
bearing stalks, but care must be taken in interpretation as throwing 
quadrats will lead to a disproportionate number of isolated stalks being 
sampled.

The effects of stalk height and inflorescence number on host 
selection are ambiguous but floret number appears to be unimportant.

There is a preference for plants close to a hedge, but there is 
little evidence for an 'edginess' preference at the level of the patch or 
clump. At 2 sites eggs are laid in less patchy regions but at another site 
in more patchy areas.

C) Effect of time on host plant choice
Due to unfavourable weather conditions in 1982 after the first 

batch of eggs had been laid at the Kissing Gate, there was a 7-10 day gap 
before the next eggs were laid. T-tests show that non-chosen stalks 
flowering late in the season had significantly fewer florets and in
florescences, and occurred in smaller clumps than the earlier flowering 
plants. Comparison of the atrributes of stalks chosen in the early and
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late bouts show similar contrasts, and the late eggs tend to be further 
away from the nearest neighbouring plant and the nearest neighbouring egg, 
and also from the hedge (i.e. in what appear to be less favourable areas),
(ix) Host plant preference from year to year
(1) Method

In 1982 all the flowerstalks receiving an egg at the Kissing Gate (70 
in total) and in a demarcated area of Rush Meadow (17) were marked using 
numbered flowersticks. A sample of flowersticks (50 and 17 at the Kissing 
Gate and Rush Meadow respectively), which did not receive eggs, were 
similarly marked.
(2) R esu lt^

Fewer than 50% of the rosettes which flowered in 1982 flowered again 
in 1983, which reduced the sample size substantially. Also 27 of the 
markers disappeared mysteriously over the course of the winter.

The flowerstalks produced in 1983 were categorized into three groups 
according to plant history:- a) if the 1982 flowerstalk had been severely 
damaged by an Anthocharis larva, b) if the stalk had been chosen in 1982 
but remained relatively undamaged, c) if the stalk had not been chosen. 
Within these classes the proportion of stalks receiving an egg in 1983 was 
calculated.

Comparison (based on a t-test of the binomial proportions) of the 
probability of attack in 1983 for plants severely damaged in 1982 and 
plants which did not bear eggs shows no significant difference (t = 1.46). 
It seems likely however from Fig. 2.39 that this result is due to the small 
sample size of group (a) stalks, and the trend is towards a preference for 
stalks of plants on which larval survivorship was good the previous year. 
For group (b) stalks, where the plant was chosen in 1982, but the larva did 
not reach 3rd instar, there is a similar probability of being chosen in 
1983 as for group (a) stalks, but a significantly higher probability of 
being chosen in 1983 than for stalks/plants not chosen at all in 1982 (t = 
2.04, p < 0.05). There was no obvious common factor between years for 
either group except location of the stalks.

Further (but less convincing) evidence that certain plants are con
sistently more suitable for larval development, ccmes fron examining 
survivorship to the 3rd instar in 1983 on plants where (a) the larva 
survived to at least 3rd instar in 1982 and (b) on plants which were either 
not chosen or where early instar mortality occurred in 1982. The numbers 
are very small, for the poor survivorship group in 1982, only 33% (N = 12)
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Fig. 2,39 Repetition of host plant choice, Silwood 1982-83.

a) Severely damaged in 1982, n = 8 ; b) chosen but undamaged, 
n = 27; c) not chosen, n = 27.
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of eggs reached 3rd instar in 1983, and for eggs on group (a) plants, 66%
(N = 3) reached 3rd instar, this difference alone is not significant. If 
combined with the outcome of placing eggs on plants in the two groups (the 
by-product of another experiment), the proportions become 0.8 (N = 5) on 
the good survivorship group and 0.29 (N = 17) on the poor survivorship 
group (this difference is significant at .025; t = 2.43).
(x) The consequences of female host plant choice on larval survivorship,

Kissing Gate 1983
(1) Method

After the peak egg laying period at the Kissing Gate, 29 flowerstalks 
had received eggs. These eggs were removed and replaced by lab-reared 
eggs. A further 29 stalks were picked at randan to receive eggs. The 
survivorship of the eggs was monitored daily and, in cases where the cause 
of egg disappearance was unknown, the egg was later replaced by a 1st 
instar larva.
(2 ) Itesuits

A) Comparison of attributes of flowerstalks chosen for egg-laying and a 
randcm selection of non-chosen stalks

1-way ANOVAs were performed on those stalk characteristics 
which might influence oviposition choice by the female butterfly. Neither 
stalk height, inflorescences per stalk or florets per stalk appeared to 
influence choice of stalk (see Table 2.6, at c< = .05, ^  = 4.00).
Stalk density per quadrat and distance to the edge of the patch also had 
insignificant effects. However, the distance to the nearest neighbouring 
stalk was important, and chosen stalks were closer than average to a neigh
bouring stalk. There were significantly more eggs per quadrat in quadrats 
containing chosen stalks than in quadrats containing non-chosen stalks (the 
quadrat was centred on the stalk in question).

A Mann-Witney test on the age score of the inflorescence in 
chosen and non-chosen stalks revealed no significant difference between the 
two groups.

B) Correlations between stadium reached and plant parameters
Unexpectedly (because bigger plants allow longer development 

before emigration), there were no significant positive correlations between 
stadia reached and the parameters of plant size for eggs on either the 
chosen or non-chosen group of plants. However for the chosen group, 
examination of the scattergrams of instar reached against plant height and 
number of florets (see Fig. 2.40a & b) suggest that there is a trend to-



Table 2.6 : Comparison of host plant attributes of stalks chosen by females 
and a random selection of those not chosen.
1-way ANOVAs

Attribute
Chosen 
(n = 29)

Mean S .E .

Not Chosen 
(n = 29)

Mean S .E .
F Prob.

Stalk height (cm) 31.17 1.31 28.93 0.99 1.86 NS

Inflorescence no. per 
stalk

1.207 0.09 1.034 0.03 3.13 NS

Florets per stalk 13.86 1.17 11.72 0.74 2.38 NS

Nearest neighbour 
(cm)

35.4 7.54 92.3 20.22 6.96 .05

Stalks/quadrat 2.62 0.55 2.69 0.82 0.00 NS

Distance to patch 
edge (cm)

112 18.01 137 24.14 0.70 NS

Eggs/quadrat 1.34 0.10 0.48 0.09 41.85
[Log0 (x+1)]

.005

Median Median W
(Mann-Witney) Prob.

Stalk Age Score 3.00 2.00 891.0 .586
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Fig. 2.40 Relationship between instar reached and plant 
attributes, Female Choice Experiment.

a) florets per stalk

b) stalk height (cm)
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wards increased survivorship with increasing plant size.
C) Larval survivorship

Life tables for larvae on the two groups of stalks are pre
sented in Appendix 38, and the data contrasted in Fig. 2.41. All data are 
in natural logarithms.

Egg loss is the greatest mortality factor in both groups.
Mortality is only attributed to those eggs whose fate is known 

in detail, as the transfer process may have caused some eggs to drop off 
the stalk. Even so, egg mortality is slightly higher in the non-chosen 
stalks. lst-3rd instar mortality is higher on the chosen flowerstalks, but 
death due to non-feeding or lowered resistance to disease was greater on 
the non-chosen plants (p < .05). There was a much higher incidence of 
larval disappearance associated with depleted food supply in the non-chosen 
than the chosen flowerstalks (Appendix 38) and though they were marked with 
fluorescent dye the larvae were not rediscovered, and were assumed to have 
starved or to have been eaten. A maximum estimate of the number of 5th 
instars which pupated, was made by assuming successful pupation if the 
larva was more than 24 nm long when it disappeared. This was the minimum 
length at which lab-reared larvae could pupate successfully.

Overall there was no significant difference in survivorship to 
pupation on the two categories of plants, but failure to feed in the 1st 
instar and host plant depletion were perhaps more important as causes of 
death in the non-chosen group as discussed previously. The three surviving 
5th instar larvae in the non-chosen group were those which successfully 
transferred to other flowestalks; they moved distances of 28, 38 and 120 
cms respectively through the dense vegetation.
2.2.3.3 Discussion

Whereas the potential fecundity of field caught females was estimated 
to be 378 + 18 eggs (Section 2.2.1.3(i)), the mean realized fecundity is 
calculated to be only 100 eggs per female (based on observations of ovi- 
position rates in the field plus lab. and estimated longevity (Courtney, 
1980)). There is thus an apparent egg shortfall of 74% equivalent to a ke- 
value of 1.335. This figure is similar to that found in the literature for 
several other lepidopteran species (e.g. Brakefield, 1982; Danthanarayana, 
1983).

Furthermore, for 20 sites in southern England ranging in area fron 75 
to 130,000 square metres it was found that a significant relationship 
existed between mean egg density per site and mean flowerstalk density (see
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1 I = not chosen, s = 10.3%, n = 29. 

lllillll = chosen, s = 13.8%, n = 29.

Fig. 2.41 Female choice of C. pratensis flower stalks and
larval survivorship.
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Fig. 2.25), but that on average only 5% of flowerstalks were utilized. Why
should this proportion be so low? Some might disclaim that it is so low,
certainly there is a lot of residual variability, and Fig. 2.27 a plot of

2the proportion of plants utilized against stalk density per metre shows 
that at exceptionally low plant density up to 40% of stalks bear eggs.
(This variability is also apparent in a comparison between other studies 
e.g. 48.6% (n = 1219) and 54% (n = 113) for sites in Sweden (Wiklund & 
Ahrberg, 1978); 35% (n = 75) in Cheshire (Dennis, 1983b) though calculated 
over the whole of his two sites infestation rates are 5.5% and 6.9%; 48% (n 
= 94) and 63% (n = 113) in Northern Ireland (Courtney, pers. corni.); 17% (n 
= 148) and 23% (n = 100) in Northern England (Courtney, 1981b); 58% (n = 
176) in N. Wales (C.D. Thomas, pers. ccmrn.); 15% (n = 60) in Hampshire 
(H.G. Heal, pers. ccmm.); 12.5% (n = 56) in Berkshire (P.D. Brock, pers. 
ccmm.)). In most of these studies the sample sizes were lower than in the 
present programme and plants were not randomly sampled within a stratified 
procedure, but were selected to include only those of a 'suitable' pheno- 
lcgical age at the time of survey.) Two factors other than density may 
also contribute to the residual variability in utilization. There is a 
positive correlation between percentage infestation and site size. Also 
stalk density can change between years and the change is not tracked per
fectly by the butterfly. Nevertheless it remains true that for most sites 
examined the proportion of flowerstalks used fell in the range 5-10%. Why 
should this be?
(i) Wfeather

Courtney attributed the egg shortfall observed in Durham populations 
of A. cardamines to low sunshine hours. Several lines of evidence indicate 
that this may not be true for other areas of Britain.

Firstly the I.T.E. Butterfly Survey shows that adult A. cardamines 
numbers are more stable than those of most other British butterflies 
(Pollard, 1984). The available evidence from this present study suggests 
that the stability arises from regulation at the oviposition stage rather 
than in the egg or larval stages; it is likely, therefore that the vagaries 
of the weather during the oviposition period are nullified by a compen
satory mechanism.

Secondly, in contrast to Courtney's finding of a linear relationship 
between number of eggs laid and number of sunshine hours, my experiments in 
Silwood Park showed no correlation between sunshine hours per day and 
number of eggs laid per day. This is as one would expect if the stage in



117.

the egg build-up process and host availability rather than sunshine hours, 
dictated the rate of egg laying. The fluctuations in egg laying probably 
reflect the tendency to emigrate (if only temporarily) as the host plant 
resource becomes limiting, and then movement back into the patch as new 
flowerstalks enter the critical age categories. Ideally the number of 
'available' stalks in the preferred age categories should have been counted 
daily, so that the relationship between eggs laid and available stalks 
could have been demonstrated. Old stalks are rarely selected by the 
butterflies, but unfortunately the other attributes of an 'available' stalk 
are unknown, and therefore not quantifiable.

Finally, to predict the effects of prolonged sunshine hours on 
realized fecundity it is necessary to understand the physiology of egg pro
duction in A. cardamines. For example, is there any evidence of physio
logical constraints on the rate of egg-laying per day? In 1983 using 
captive females in the net cages, a simple experiment was set up whereby 
females were killed either immediately, two hours or eight hours (n = 3) 
after cessation of egg laying, following a concentrated bout of ovi- 
position. Females awaiting death were kept in holding cages at a constant 
temperature of 15°C. If oogenesis were rate limiting then dissection 
should have shown an increase in the number of chorionated eggs in the 
ovarioles with increasing time since the last oviposition bout. Unfortun
ately all these females were amongst the samples in the freezer which were 
destroyed before dissection. Dissection would obviously have provided the 
strongest evidence for rate limitation.

The remaining evidence is more circumstantial. When caged females 
were presented with a different flowerstalk density every hour for 5 hours 
in all, the number of eggs laid in each hourly session reflected the 
duration of time since the start of laying rather than the flowerstalk 
density (see Fig. 2.8). Oviposition rate decreased with time, even when 16 
new flowerstalks were presented in the last hour. This suggests that most 
of the mature eggs had already been laid, leaving very few in reserve. The 
experimental results shown in Fig. 2.11, where females were presented with 
20 flowerstalks and their hourly oviposition rate monitored after 2 hours 
and after 6 hours, either suggests that the higher rate observed in the 
first two hours can not be maintained due to physiological constraints, or 
that with time 'suitable' flowerstalks become a limiting factor, rather 
than sunshine hours (perhaps because motivational thresholds change as 
duration of oviposition bout progresses) and oviposition rate responded
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accordingly. In sane respects it would have been better to have replaced 
each stalk which received an egg with a fresh stalk, so that the role of 
physiological constraint would be clearer (but this would have required 
more labour than was available).

The conclusion frcm these lab experiments is that the relationship 
between sunshine hours and eggs laid is probably not linear, but sigmoid, 
due to modification either by physiological constraints, motivational state 
or host plant limitation.

One further question remains - does egg maturation continue in the 
absence of egg laying? In unfed, virgin females, the proportion of mature 
eggs in the ovarioles did not increase with female age (the age range 
studied was a V 4 to 6 days old, see Section 2.2.1.2); Yamamoto (1978) also 
found a constant number of mature eggs throughout female life. However in 
mated females the terminal egg at least is known to continue ageing within 
the ovaries in the absence of oviposition (as evidenced by changes in egg 
colour), in one case the egg was already brown and within hours of hatching 
when laid. Thus it appears possible that mated females may be able to 
accumulate mature eggs in the ovarioles in the absence of oviposition, and 
thus compensate for poor weather by laying at a higher rate if good weather 
returns.
(ii) Unavailable host plants/poor searching efficiency

An alternative hypothesis to explain the low percentage utilization of 
host plants might be that not all plants are necessarily "available" for 
oviposition. The low usage could be the manifestation of several 
mechanisms.

Firstly the butterflies could simply be inefficient at finding plants, 
at high stalk density per site more plants are found and more eggs laid, 
but even here the ratio of infested to non-infested stalks remains low.
Thus in the sense that most stalks can not be found, they are unavailable. 
However the evidence for this mechanism does not hold up to close examin
ation or comparison with survey data collected by F. Ratnieks at 7 sites in 
Northern Ireland. Ratnieks also observed an increase in number of eggs 
laid with increasing stalk density at a site (see Fig. 2.26), but on 
average 29% of the stalks were infested; the range of flowerstalk densities 
observed in N. Ireland was considerably lower than in the present study and 
it might be predicted that if the butterfly is inefficient at finding 
plants, average infestation rate should if anything be lower than for the 
Berkshire sites. Furthermore, in both Berkshire and N. Ireland the infest
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ation rate does decrease to sane extent with increasing flowerstalk density 
(see Figs. 2.27 & 2.28), which suggests that finding the plant may not be 
the problan. A further corollary of the "inefficiency" argument might be 
that large areas of plants should be discovered more frequently than small 
areas simply as a result of passive sampling. A positive relationship is 
found between percentage infestation and size of patch, but as noted in the 
Introduction, species-area effects can potentially arise through several 
contrasting mechanisms and the observation of the phenomenon does not sub
stantiate the "inefficiency" argument. Indeed it appears from the frequent 
reports of eggs being found on isolated clumps of plants, that the female 
butterflies are fairly well-adapted and efficient at using these "stepping 
stones" between the much larger patches of their host plants.

It can be argued that the fine grained or coarse grained aggregative 
egg distribution of A. cardamines are indicative of a herbivore which is 
searching efficiently. Certainly cage studies show all plants to have a 
similar probability of discovery and attack by A. cardamines whilst field 
observations suggest that larger clumps may be more visible. Bearing in 
mind the shortfalls of interpolating adult behaviour from egg distri
butions, the observations made in this study suggest that search is not 
random in space, both egg distributions per flowerstalk and per quadrat 
show significant departures from the Poisson expectation. The plants them
selves may well appear to be chosen randomly until certain preferred cate
gories became limiting, at which stage choice becomes more apparent. How
ever, field observations of individuals do indicate that certain females at 
certain times have a greater tendency towards a dissipative phase post- 
oviposition than others (see Fig. 2.22), so in certain cases there is 
apparently seme degree of randan search. A possible explanation of this 
behaviour is discussed in the section on female interference.

On balance in this study A. cardamines would seem to be vindicated of 
the charge that low percentage infestation is the result of inefficient 
search, but generalizations regarding searching efficiency are perhaps 
dangerous. A. cardamines females were observed to search for up to 2 hours 
before finding plants in Sweden (Wiklund, pers. comm.). It is also 
possible that searching efficiency varies with geographic race and the 
regional stalk densities encountered, as was observed in P. rapae (Jones & 
Ives, 1979).

In the single female trials of the interference experiment (p. 61) no 
more than 73% of the stalks had received eggs at the end of the 3 hour
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trial period (more commonly fewer than 50% of the stalks bore eggs; n = 5 
trials), yet up to 60% of the egg-receiving stalks were used repeatedly. 
Given the relatively small cage area it seems unlikely that the butterflies 
did not perceive the unused plants and although the observed egg distri
butions did not differ significantly from random and were also not as 
extreme as those observed by Hayes (1981), the repeated use of certain 
stalks suggests the second possible reason for low host plant usage; namely 
that natural variability in plant attributes means that seme stalks are 
either not suitable or not attractive. The passing over of stalks at close 
quarters in the field also adds further weight to this view (see Fig.
2.22). Thus the true carrying capacity of the sites might be substantially 
lower than suggested by the sampling method. The problems entailed in 
assessing availability are discussed more fully in the Introduction.

For the attributes and sites examined in this study there were no 
consistently significant differences between measurable attributes of the 
flowerstalks selected by ovipositing females and a random selection of all 
flowerstalks. However, on a per site basis in a given year, differences 
were observed. For example in the female choice experiment at the Kissing 
Gate 1983, chosen flowerstalks were significantly closer to the nearest 
neighbouring plant than unchosen stalks (p < .05) and in 1982 there was 
seme evidence that the earliest egg "batches" were laid on plants with a 
neighbour nearby. As such plants became occupied the distance between an 
egg bearing plant and its nearest neighbour increased for later batches.
At five sites, egg bearing plants occurred in areas of significantly higher 
flowerstalk density than non chosen plants, (this may be an artefact of the 
sampling method used - use of random coordinates would have been preferable 
if time had permitted. Nevertheless, other evidence seems to endorse the 
validity of these results). Phenological age of the flowerstalk can act as 
another constraint on selection, in an ageing stalk population the chosen 
stalks have a significantly younger median age score. Similar results with 
respect to plant age were noted by Courtney (1981b) and Wiklund & Ahrberg 
(1978). Also as noted by other workers (Thomas, pers. comm., Courtney & 
Courtney, 1982; Wiklund & Ahrberg, 1978; Dennis, 1983a, b) a preference was 
found at a few sites for stalks on the edge of the habitat. However, the 
phenomenon noted by Dennis (1983b) of a preference for 'edge' plants at all 
levels of scale (i.e. edge of clump, edge of patch, edge of habitat) was 
not observed in this study. In most cases the C. pratensis plants did have 
an aggregated distribution (see Section 3.4.2), but the clumps they formed
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were linear rather than round and had no 'edge' as such. An hypothesis 
suggesting a possible selective advantage of using plants close to a hedge 
is examined in the Pupal Mortality Section 2.4.3.1. My hypothesis, framed 
in terms of larval and pupal survivorship, is in contrast to the explan
ations suggested by other workers, which mostly implicate adult searching 
behaviour as the cause of the 'edge effect'. Finally, significantly taller 
stalks were used for oviposition at both Holyport and Binfield in 1981 
(though this preference was not predominant in the 1982 survey), and at 
Binfield (1981) the number of eggs received by chosen stalks was strongly 
correlated with the number of florets on a stalk (p < .01). Courtney 
(1981b) also found that the number of eggs on A. petiolata increased pro 
rata with number of inflorescences per stalk.

The apparent lack of consistent preference may simply indicate that 
host selection is based on multiple rather than single character criteria, 
or alternatively that other regulating mechanisms may keep egg densities 
below the level at which 'available' plants become limiting. Hence if the 
pool of all plants still contains a number of available plants, it will be 
difficult to define available and unavailable on the basis of chosen and 
non-chosen plants without extremely large sample sizes. It seems reason
able to assume that availability fluctuates from year to year and thus in
consistencies between years might also be expected. Similar arguments 
apply to the results of the egg transfer experiment (Section 2.2.3.2 x) 
where no overall difference in survivorship was detected between chosen and 
non-chosen stalks. It is a truism that natural variability in host plants 
will produce differences in larval survivorship, but these differences will 
only be observed when the 'better' plants become limiting - this state may 
not have been reached in the experiment.

Several lines of evidence (in addition to the survey results already 
mentioned) indicate that certain plants are more attractive to the butter
flies. For example in Silwood Park a preference was shown for certain 
plants from one year to the next (see Fig. 2.39). Also there was aggre
gation of eggs in space on certain clumps of stalks (possibly clones).
These clumped eggs were not laid all at once in a single sunny period but 
built up over the course of a week or two (see Figs. 2.23 & 2.24). Very 
strong evidence for consistent preference within a year and site comes from 
an experiment by Chris Thomas (pers. ccmm.) - for stalks from which eggs 
had been experimentally removed, the substitution rate by new eggs was 
significantly related to whether the stalk originally bore 1, 2 or 3 eggs.
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The stalk characters which he found increased "attractiveness" were height, 
number of inflorescences and edginess. The size effect would be predicted 
to be advantageous from my own field observations, which show that 
survivorship on larger plants is significantly increased both within and 
between sites because the necessity to migrate to a new plant is avoided 
(see Figs. 2.40b and 2.65a).

In conclusion of this section it seems that certain plant traits do 
influence host plant selection by the female and the level of availability 
of suitable plants may well be lower than indicated by inclusive surveys of 
all flowerstalks in a habitat.
(iii) Adult interference and intraspecific competition

Manipulation of adult density by large scale release experiments (e.g. 
Dethier & MacArthur, 1964) is the best means of testing for adult inter
ference, but this was not feasible in the current study. Alternative 
methods are outlined in the Introduction (Section 2.2.3.1) and discussed 
here.

Probably the weakest (and certainly the most circular) method used is 
the attempt to determine a minimum territory size or required area frcm an 
examination of total egg load at different sites. TWo factors are likely 
to create a large degree of variance about any estimate. Firstly physio
logical variability in the fecundity attainable by different individuals 
and secondly variability in flowerstalk density within a given area. Many 
mammals are known to adjust territory size in relation to resource avail
ability and it is possible that A. cardamines might adjust the size of its 
defended area or home range according to flowerstalk density in the area 
concerned. Given the variables involved perhaps then it is not surprising 
that there is very little evidence to suggest that the females divide the 
habitats into predictable units (either on a unit area or flowerstalk 
basis). The mobility of the females in the field is also inconsistent with 
the notion that they are territorial. The females frequently leave a given 
site, unlike the males which tend to patrol a specific area (pers. obs. and 
Courtney (1983)). If any form of territoriality is exercised in A. 
cardamines it is most likely that site "goodness" constrains the number of 
males at a given site, and that density-related interference by the males 
is the immediate cause of female emigration.

Wiklund & Ahrberg (1978) proposed that sexual differences in mobility 
might be related to differences in the distribution of resources used by 
the two sexes, i.e. highly dispersed food plants favour high female
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mobility, whilst males are localised in those areas where females are most 
likely to be found. However, in terms of number of flowerstalks, in most 
cases in my study there was no reason why females should leave a site 
unless either most of the flowerstalks were unsuitable/unavailable and/or 
direct or indirect non-territorial interference with other females 
compelled them to emigrate.

One such form of indirect interference would be oviposition deter
rence. As mentioned in the Section 2.2.3.1 the evidence for such behaviour 
in A. cardamines is not as substantial as is often assumed. Whilst 
Courtney (1980) and Wiklund & Ahrberg (1978) recorded overdispersed egg 
distributions per inflorescence and per flowerstalk respectively, Dennis 
(1983b), Thomas (pers. comm.), Dempster (pers. comm.) and I have observed 
mostly aggregated or random distributions. The difference is partly due to 
the distribution being calculated over the plant population as a whole in 
the latter cases. As discussed previously one problem with this type of 
approach is the assessment of the zero class i.e. those plants which are 
not used but are available. A related problem encountered in the south of 
England sites was that the very low mean egg density per flowerstalk often 
made significance tests on the egg distributions impossible.

These observations therefore provide no conclusive field evidence in 
favour of female interference. The effects on female behaviour of in
creasing female density in a greenhouse cage are interesting however. 
Fecundity did not decrease with density due to interference, nor did the 
proportion of time spent in flight (construed as attempted dispersal) in
crease, but resource usage did change. Within the experimental cage the 
flowerstalks were arranged in 4 patches with 1, 2, 4 and 8 stalks in the 
patch. Single females spent more time feeding at stalk density 8 than at 
stalk density 1, but amongst triplets of females the allocation of feeding 
time to a patch was less indicative of plant density. This was also true 
of the proportion of eggs allocated to each stalk density. Single females 
laid proportionally more eggs in high density patches, whilst high density 
females overexploited the single flowerstalks.

These results may be extrapolated to tentatively explain seme of the 
field data. All sites examined seemed to fall into one of two patterns 
with respect to the overall probability of a flowerstalk being attacked. 
Either the probability distribution was U-shaped as in Fig. 2.34, or it was 
linear as in Fig. 2.35. This overall probability is the product of two 
sub-components of attack. Firstly there is the probability of a clump of
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stalks at a given density being attacked; this increased with within site 
stalk density for all sites, perhaps because large clumps are more 
apparent. Secondly there is the probability that a given plant will be 
attacked once a clump is found. At some sites this second probability is 
constant, as it was with the single females in the experiment, thus the 
product of a constant times a positive slope is another positive slope. At 
other sites the probability of attack within a clump decreased curvi- 
linearly with clump density, as it did for the triplet females. If these 
two functions are curvilinear, the resultant overall probability is a U- 
shape.

If this last approach is to provide the pivotal evidence for advancing 
the view that female interference occurs in the field and that plant- 
mediated egg shortfall is the regulating factor in the dynamics of the 
butterfly, then more extensive data sets per site are required in order to 
test rigorously whether the two functions are significantly curvilinear and 
whether the overall probability is significantly U-shaped. A drawback with 
the approach is that interference may be demonstrated without actually 
quantifying how frequently interference changes from being an arbiter of 
egg distribution, to a determinant of adult dispersal. Presumably as eggs 
have a better chance of surviving in high density plant clumps, due to in
creased larval mobility, there will come a point when adult competition for 
these sites leads to dispersal, with the plant population as a whole being 
underexploited because of the relative shortage of aggregated plants. The 
mechanism might well breakdown in very large sites where the adults are 
perhaps less likely to leave the site altogether, and in "no choice" 
situations as when the host plants are regularly distributed or where there 
is an isolated clump of plants. Such a breakdown in the regulating 
mechanism might explain the higher infestation levels noted above.
2.2.4 Competition for Resources Required by Adults
2.2.4.1 Host_Plants_

(see Section 2.2.3.2)
2.2.4.2 Mates

(see Section 2.2.2.2)
2.2.4.3 Ne£tar_and_Po1len

There is very little data in the literature concerning either intra or 
interspecific competition between adults for nectar. Clench (1967) con
sidered it to be the driving force behind the temporal dissociation of a 
group of hesperiine butterflies, whilst Abbott (1959) also instances an
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example of nectar competition between two species of Pierid. A possible 
example of intraspecific competition is recorded by Ellis (1973). However 
the majority of studies suggest that adult butterflies are neither specific 
in their feeding habits nor limited by them (e.g. Watt et al., 1974; Lees & 
Archer, 1975; Wiklund & Ahrberg, 1978; Ohsaki, 1979).

The diversity of pollen exploitation strategies exhibited by tropical 
heliconiine butterflies perhaps suggests past or present competition for 
pollen resources (Boggs et al., 1981), but there is little other data 
available on pollen.

In this study A. cardamines was observed to feed almost exclusively on 
C. pratensis, the most abundant spring flower in its habitat, and it seems 
unlikely that flower feeding was ever limiting. In their Durham study, 
Courtney, Hill & Westerman (1982) found that A. cardamines visited five 
main species, of which A. petiolata was most frequently utilized.
2.2.5 Predation and Disease

It is generally assumed that the occurrence of aposematic colouring 
and mimicry reflects the fact that birds and manmals exert substantial 
predation pressure on butterflies. Beak mark frequency suggests that 
predation may be heaviest at either end of the flight season (Shapiro, 
1974a). However there is very little other field evidence of vertebrate 
predators.

Richards (1940) records seme adult P. rapae as being killed by 
Libellula species. In the present study only one dying A. cardamines 
butterfly was observed in the field, and this had been captured by a crab 
spider whilst roosting.

Heavy rainfall appears to affect differential mortality in some 
butterfly species (Cook, Frank & Brower, 1971; Ohsaki, 1979; Watt, Han & 
Tabashnik, 1979).

Courtney (1980) estimated mean survival rate per day for A. cardamines 
to be 0.799-0.884, but the causes of death were unidentified.

The effects of adult mortality on the population dynamics of a species 
has rarely been considered, but Ehrlich (1965) believes that it is not a 
major factor in the dynamics of the Jasper Ridge Colony of E_. editha.
2.2.6 Migration and Vagility

Much emphasis has been placed on movement in the butterfly literature 
because of its important repercussions on gene flow, population different
iation and re-establishment following local extinctions (e.g. Evans, 1955; 
Ehrlich, 1961; Ehrlich, 1965; Keller, Mattoni & Sieger, 1966; Johnson,
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Keith & Ehrlich, 1968; Brussard & Ehrlich, 1970a & b; Turner, 1971; Singer, 
1972; Ehrlich & Gilbert, 1973; Emmel, 1973; Scott, 1975; Schrier et al., 
1976; Jones, 1977a; Watt et al., 1977; Cullenward et al., 1979; Watt et 
al., 1979; Brown & Ehrlich, 1980; Ohsaki, 1980; Tabashnik, 1980; Yamamoto, 
1982; Root & Kareiva, 1984). These movement studies have usually been con
ducted using mark-recapture techniques (for methods and analyses (see Iwao, 
1963; Begon, 1979)).

Courtney calculated mean speeds of movement for A. cardamines of be
tween 88.7 and 150.1 m day  ̂ (Courtney & Duggan, 1983) whilst Shreeve 
(1981) estimated a speed of 25-20 m h  ̂ in southern England. Both workers 
noted the greater vagility of females and pointed to their lower recapture 
frequencies (Courtney, 1983).

Movement patterns may be viewed frcm two ecological perspectives. The 
influence of resource availability on movement parameters is one in
teresting line of investigation (e.g. Baker, 1969; Scott, 1973; Wiklund & 
Ahrberg, 1978; Courtney, 1983). Of greater significance is an examination 
of the importance of movement on population stability. Theoretical models 
have demonstrated the stabilizing effect of movements to and fro between 
sub-populations (e.g. Reddingius & den Boer, 1970; Roff, 1974), and these 
results have been substantiated by recent field work (e.g. Hirose et al., 
1980). At a different level, risk spreading has become a popular 
hypothesis to explain the apparent under-utilization of host plants (e.g. 
Root Sc Kareiva, 1984). The dispersion of gravid females in relation to the 
dispersion of the host plant population is potentially as important as 
inter-population movement in its influence on stability. For a discussion 
of how the herbivore's response to the distribution of host plant affects 
the stability of both populations see Crawley (1983).

In the current study it was impractical to conduct an extensive mark- 
recapture programme, due to the small area and consequent low absolute 
density of butterflies at any of the local study sites. However it 
appeared that movement between the local sites was very frequent (possible 
causes are discussed under Interference 2.2.3.3) the range of a population 
was estimated to be at least 5-10 miles. The consequences for stability of 
adult egg laying patterns with respect to plant density are discussed in 
Chapter 4.

One obvious conclusion results frcm this section on adult butterflies. 
It is that whilst in the past much emphasis has been placed on mark-
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recapture and the study of adults, too little information has been 
collected on the crucial parameters and mechanisms which actually affect 
the population dynamics of species. The last five or six years have 
fortunately heralded in an era of more enlightened research by a host of 
workers, but there remains a good deal of ground to be covered and method
ology to be established before the ecology of adult populations is fully 
understood.

2.3 THE EGG AND LARVAL STAGES
2.3.1 Introduction to Factors Affecting Growth and Mortality Rates

The larval stage, though primarily a growth phase, can have important 
effects on the fitness of the next generation of butterflies. The weight 
attained during growth can influence potential female fecundity as dis
cussed in 2.2.1.3, and the extent and pattern of feeding can affect the 
density and distribution of plant resources available to the next 
generation (e.g. Harris, 1973; Platt et al., 1974; White, 1974; Thcmpson, 
1977; Louda, 1982). Furthermore, seme recent research suggests that larval 
feeding may induce the production of defence chemicals in certain plant 
species, (in much the same manner as certain phytoalexins are induced), and 
that these chemicals may persist if the plant is perennial (e.g. Haukioja, 
1980; Wratten, 1984; Bohorquez, unpubl.). Thus larval feeding in one 
generation could impair the quality of food available to later generations, 
but the reduction in K could only be assessed by bioassays. It has been 
thought for seme years that in evolutionary time the chemical and physical 
attributes of many host plants have been influenced by larval feeding, and 
likewise larval feeding patterns and female host selection have changed 
with the changing chemical profiles of the plants (Ehrlich & Raven, 1965; 
Gilbert & Raven, 1975).

Mortality of the immature stages is generally high and it constitutes 
the key factor in the dynamics of the majority of lepidopteran species 
reviewed by Dempster (1983). In those cases where larval mortality was 
found to be density dependent, the mortality was caused mostly by food 
shortage rather than predators.

The role of the larva as an agent of dispersal varies from species to 
species, as does the occurrence of egg/larval diapause.
2.3.1.1 Envirorpental_ Factors

The main factors which have been studied by other workers are 
temperature, rainfall and the structure of the surrounding vegetation.
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Changes in temperature affect changes in rates of food consumption, the 
digestibility of consumed plant material and the efficiency of its con
version to larval biomass. The interaction between these processes (which 
respond independently) determines the rate of increase in weight (growth) 
and the rate of progression through each instar (development rate) for any 
given temperature regime (Waldbauer, 1968; Mathavan & Pandian, 1975; Hegazi 
& Schopf, 1984). Generally feeding rate increases markedly with increasing 
temperature (e.g. Mathavan & Pandian, 1975; Scriber & Lederhouse, 1983; 
Hegazi & Schopf, 1984) as do development rate (e.g. Richards, 1940; David & 
Gardiner, 1962b; Zalucki, 1982; Scriber & Lederhouse, 1983; Gilbert, 1984b; 
Hegazi & Schopf, 1984) and growth rate (e.g. Mathavan & Pandian, 1975; 
Rausher, 1979; Scriber & Lederhouse, 1983). Threshold developmental 
temperatures are rarely below 10°C for butterflies (e.g. David & Gardiner, 
1962b; Rahman, 1969b). Slow developnent is disadvantageous in that it can 
increase exposure time to vertebrate predators (e.g. Pollard, 1979) and 
susceptibility to virus (e.g. Harcourt, 1966; Biever & Wilkinson, 1978), 
but is advantageous in that higher pupal weights result from slow develop
ment at lower temperatures (e.g. Mathavan & Pandian, 1975; Jones, Hart & 
Bull, 1982; Scriber & Lederhouse, 1983). In the field the optimal thermal 
range of the larvae is often small relative to environmental temperature 
variation (Sherman & Watt, 1973; Hayes, 1981). One further effect of 
temperature may be to disrupt synchrony between host and parasitoid, if the 
temperature change affects differential changes in the development rate of 
the two species (e.g. Nealis, Jones & Wellington, 1984).

Prior to the present study the effect of temperature on feeding and 
development rates and pupal weight had not been documented for A. 
cardamines. It was deemed necessary to quantify these effects, in order to 
gain an understanding of how temperature might influence: exposure time to 
predators; potential fecundity and feeding damage; as field temperatures 
can vary quite substantially from year to year.

Rainfall can have several effects on growth and mortality. Too much 
rain is detrimental as it can cause: the dislodging of the immature stages 
(e.g. Harcourt, 1966; Hayes, 1981) drowning of larvae (e.g. Moss, 1933; 
Dempster, 1967; Hasni, 1977; Wiklund & Ahrberg, 1978; Kimler, 1979; Hayes, 
1981) and the enhanced dispersal of viral pathogens in the water droplets 
(e.g. Harcourt, 1966). On the other hand, drought can also lead to larval 
death owing to premature senescence or death of the host-plant (e.g.
Singer, 1972; Wiklund & Ahrberg, 1978; Ehrlich et al., 1980; Murphy et al.,
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1983), though there is sometimes a short tern enhancement of growth by 
larvae on drought stressed plants due to an increased availability of 
nitrogen (e.g. T.C.R. White, 1974) and reduction in secondary chemicals 
(Haukioja & Hakala, 1975).

The effects of the surrounding vegetation on larval mortality are 
considered in Section 2.3.1.2 iii.
2.3.1.2 Plant. Related factors
(i) Effect of nutrients, secondary chemicals and plant age

Individual plants can differ considerably in their chemical ccm- 
position both within and between species. With regards to larval growth 
and development, differences in nutrient content (e.g. water and available 
nitrogen) and secondary chemical composition (e.g. alkaloids, quinones, 
terpenoids, glycosides etc.) are of most significance. Both factors also 
vary with the age of the plant and hence due to this inter-relatedness, 
nutrients, secondary chemicals and plant age are considered together.

It was originally suggested that secondary chemicals served primarily 
to repel the host seeking herbivore, which may be either the ovipositing 
adult or the dispersing larva (Fraenkel, 1959). Further studies have shown 
that these chemicals can also kill or be detrimental to the feeding stage 
(for example by reducing growth or development rates and pupal weight/ 
fecundity), which then reinforces selection for the repellancy effect 
(Wiklund, 1973). In evolutionary time herbivores have developed physio
logical counter-adaptations to detoxify seme of these secondary chemicals, 
which subsequently may be used as oviposition attractants or feeding 
stimulants by the adapted herbivore. The greater the degree of special
ization the less able the herbivore may become at using alternative hosts, 
and colonization of a new species of host plant generally becomes 
restricted to chemically related plant genera or families (Dethier, 1941; 
Ehrlich & Raven, 1965; Edgar & Culvenor, 1974; Benson et al., 1975).
Rausher (1982) presents an example of physiological specialization at the 
population level.

Thus whether and to what extent a herbivore can utilize a host plant 
is partially dependent on the secondary chemical composition of the plant 
or plant part and the herbivore's physiological adaptation to it. On the 
basis of palatability trials it was initially thought that early success- 
ional plants were less well defended than later successional plants and 
thus more suitable for consumption by generalists (Cates & Orians, 1975). 
This generalization was soon refuted (Otte, 1975) and the pitfalls of such
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an approach made apparent (Maiorana, 1978). Secondary chemicals could in 
fact be categorized into two classes. Class one, the quantitative chemical 
defences, are compounds which form complexes with plant protein thereby 
reducing its digestibility (e.g. the condensed and hydrolysable tannins). 
The qualitative chemicals, class two, occur only in sufficient quantity to 
give a characteristic profile of distastefulness for future avoidance (e.g. 
glucosinolates, cardiac glycosides, alkaloids etc.), though experimental 
manipulation demonstrates that different concentrations can evoke different 
responses in different types of herbivores (Blau et al., 1978). Feeny 
(1976) and Rhoades & Cates (1976) hypothesized that the nature of a plant's 
defences will be related to its apparency (defined as susceptibility to 
discovery). More apparent plants (in particular K-selected ones such as 
trees), should allocate more resources to defence and should produce mainly 
class one chemicals. In contrast, r-selected plants are assumed to escape 
predation in time and space and should therefore use the qualitative class 
of chemicals for defence. Polyphagous herbivores are thus generalists not 
because certain plants lack defences, but because they have developed a 
detoxification system of mixed function oxidases, which are responsive to a 
number of secondary substances (e.g. Krieger et al., 1971; Brattsen et al., 
1977; Gould, 1984). In some cases these systems enable them to maintain 
net growth efficiencies comparable to those of oligophages (Schroeder, 
1976); there is evidence that some polyphages may show short term physio
logical adaptation to a certain species (e.g. Scriber, 1979). However in 
other cases growth rate is less than that of the specialist (Smiley, 1978).

Many studies to date have examined how chemical profiles influence 
oviposition choice (e.g. Brues, 1920; Thorsteinson, 1960; Kennedy, 1965; 
Hsiao, 1969; Dethier, 1970; Dolinger et al., 1973; Mitchell, 1977; Free & 
Williams, 1978; Nielsen, 1978, 1980; Nielsen et al., 1979; Stanton, 1979), 
and seme have investigated how the chemicals are detected by the female 
(e.g. Chun & Schoonhoven, 1973) and the larva (e.g. Dethier & Schoonhoven, 
1969; Dethier, 1970), but relatively few studies have looked at the effects 
on larval choice (some exceptions include Hovanitz & Chang, 1963c, d, e; 
David & Gardiner, 1966; Mitchell & Richards, 1978; Chew, 1980; Rodman & 
Chew, 1980; Salmon & Courtney, 1983). This dearth of study reflects the 
fact that in many cases it is the female alone that is responsible for 
matching larval requirements against host plant species (exceptions exist 
e.g. Wint, 1983). However, it is also possible that larval feeding in
fluences female choice - Hopkin's Principle (adult female insects should
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prefer to oviposit on those hosts that they ate as larvae) though the 
evidence remains highly contradictory (e.g. Takata, 1961; Hovanitz & Chang, 
1963c; Hovanitz, 1969; Wiklund, 1974; Chew, 1980) as does the evidence that 
previous feeding experience can induce host preference in larvae (Hovanitz 
& Chang, 1963f; Jermy, Hanson & Dethier, 1968; Hovanitz, 1969; Wiklund, 
1973).

Defence chemicals are only one of the factors determining host plant 
suitability and utilization. Studies on a number of insect orders have 
demonstrated the benefits (in terms of higher fecundity, faster development 
and higher growth efficiency) of high nitrogen availability in the diet 
(e.g. McNeill, 1973; Onuf, Teal & Valiela, 1977; Strong & Wang, 1977; Webb 
& Moran, 1978; Myers, 1981b; Lincoln et al., 1982; Prestidge, 1982; 
Tabashnik, 1982). Equally the water content of the food can have very 
important consequences (often indirectly via its effect on nitrogen 
utilization) e.g. Scriber, 1977; Scriber & Feeny, 1979. Carbohydrate 
content may influence fat accumulation in arbivorous larvae (Edel'man,
1963). In Pieris rapae, it appears that the ovipositing female can dis
tinguish and preferentially chooses high nutrient quality leaves/plants on 
which to oviposit (Wolfson, 1979; Myers, 1985). Moran & Hamilton (1980) 
put forward three instances in which a plant could gain a selective 
advantage by maintaining low nutritive quality, however if larval feeding 
rate commonly increases to compensate for this poor quality (as shown in P. 
rapae - Slansky & Feeny, 1977) at least one of the proposed advantages 
would be lost. Fraenkel (1969) and Beck & Reese (1976) propose that it is 
unlikely that an insect's nutritional requirements play more than a minor 
role in determining host plant specificity, as conversion efficiencies are 
not vastly different when larvae are induced to feed on non hosts by 
techniques such as maxillectomy (however these generalizations are based on 
examination of very few species).

According to availability and the timing of larval development, a 
marked feeding preference for a certain part of a given plant species is 
often observed (e.g. Thompson, 1983b), which reflects within-plant 
variation in secondary chemicals and nutrients.

Both the nutritional status and secondary chemical profile of a plant 
or its parts can also change with age (e.g. Feeny, 1968b, 1969, 1970; Feeny 
& Bostock, 1968a; Dixon, 1976; Coley, 1980; Rodman & Louda, 1984; Rausher, 
1981a; Louda & Rodman, 1983a). Cates (1980) proposed that mono and oligo- 
phages preferred young leaf tissue whilst overall polyphages choose mature
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leaves, several examples however already stand to contradict such a 
generalization (e.g. Myers, 1981a; Rausher, 1981a).

From this review of the chemical factors which affect growth and 
mortality, it can be seen that the variability in chemical ccmposition be
tween different host species is almost infinite. Thus the ecologist faced 
with such variability must restrict himself to asking questions about the 
degree to which larval performance varies on different sets of compounds 
(be they the constituents of a plant part, individual plant or species) 
rather than why performance varies. As mentioned in the General Intro
duction the most usual investigatory technique is the bioassay (e.g. 
Dowdeswell & Willcox, 1961; Hovanitz & Chang, 1962).

Courtney (1980) performed bioassays to examine the effects of 
different host plant species and different ages of plants on the develop
ment time and pupal weight of A. cardamines. This study is relatively 
unusual in that it aims to examine variability in host plant suitability 
within just one species - C. pratensis. A bioassay is used to contrast 
larval performance on plants which are and are not chosen by the ovi
positing female, and is thus similar in essence to the experiment of 
Rausher & Papaj (1983). Louda & Rodman (1983b) looked at the effects of 
intraspecific chemical variation on Cardamine cordifolia on the performance 
of its herbivores, but there are very few other comparable studies.

One study which may prove useful for future bioassays in the field is 
by Mathavan & Muthukrishnan (1980) who give a method for calculating net 
weight of a larva from its length.
(ii) Effects of other plant factors

Plant factors other than chemistry can also have important con
sequences for larval growth and mortality. For example trichcmes have been 
observed to wound and kill larvae (Gilbert, 1971) and in seme species a 
tough epidermis forms an impenetrable barrier which is an effective defence 
mechanism against early instars (e.g. Ralph, 1976; Courtney, 1980). Ageing 
of the plant may not only lead to chemical changes, but also physical 
changes such as increased toughness brought about by sclerophyllization 
(e.g. Courtney, 1980; Rausher, 1981a). The effect of the age of C. 
pratensis pods on the feeding rate of A. cardamines larvae is examined in 
an experiment in Section 2.3.2.1 i.

Whether factors such as the size of the plant, number of branches etc. 
affect larval growth and survival has rarely been examined by other workers 
(except Courtney, 1981a). Other plant effects tend to relate to the
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location of the plant. For example larvae on plants in the sun tend to 
have a faster development rate than those in shade (e.g. Wiklund & Ahrberg, 
1978; Rausher, 1979b; Ohsaki, 1982), though such benefits are sometimes 
counteracted by a higher larval predation rate in unshaded areas (e.g. 
Rausher, 1979b); differences in leaf morphology (e.g. Petersen, 1954) or 
intraspecific differences in host plant chemistry (e.g. Louda & Rodman, 
1983b; MacGarvin, pers. ccmm.). Courtney (1981b) found that shading did 
not adversely affect A. cardamines larval survivorship. The effect on 
larval survival of the host plant's proximity to a hedge has never 
previously been studied, despite the apparent predeliction of many butter
fly species for 'edge' plants. Singer (1972) found that whether or not a 
plant was tilled by pocket gophers had an important effect on plant 
senescence rate and hence larval survival.

In this current study the relationship between various plant 
attributes and larval survival is investigated.
(iii) Effects of plant density and distribution, larval dispersal and host 

plant perception
The distance that a caterpillar must travel in order to find a new 

host plant (having either depleted the original plant or the plant having 
senesced) and its searching efficiency are obviously crucial to its 
survival (e.g. Singer, 1972), yet relatively little is known of dispersal 
success and the distance at which host plants are perceived. Some authors 
suggest that the food can be detected at a distance of between 10-15 cm 
(e.g. Hovanitz & Chang, 1963g; Jones, 1977b) while others suggest it is 
only a few millimetres (e.g. Dethier, 1959; Schoonhoven, 1973; Chew, 1980). 
Dispersal success thus tends to be inversely related to host plant density 
(e.g. Dethier, 1959; Myers & Campbell, 1976; Wiklund & Ahrberg, 1978) 
though searching efficiency varies according to species and hunger state 
(e.g. Jones, 1977). Experiments are conducted here to examine how sub
strate and hunger state influence rate of movement. An attempt is also 
made to monitor the success rate of larvae transferring from depleted to 
new host plants.

Plant density and distribution can sometimes have indirect effects on 
larval survival through its effects on the distribution and searching be
haviour of predators and parasitoids (e.g. Richards, 1940; Dempster, 1969; 
Shahjahan & Streams, 1973; Sato, 1979; Zalucki & Kitching, 1982) though not 
always (e.g. Roberts et al., 1977; Rausher, 1981b). In this study the 
effect of within site plant density on the presence of interspecific com
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petitors is particularly important. The effects of differences in habitat 
and plant community on larval survivorship are also considered, as Wiklund 
& Ahrberg (1978) found a lower rate of parasitism in marshy areas.
2.3.1.3 Car^tithcn Exactors
(i) Effects of interspecific competition

Direct evidence of interspecific competition between lepidopterous 
larvae (with an inferred reduction in larval fitness) has rarely been 
documented (e.g. Emmel & Emmel, 1969) though it has frequently been sought 
(Harrison, 1964; Shapiro, 1974b, c). Generally past competition is in
ferred from the temporal or spatial separation of potentially competing 
species (e.g. Waloff, 1968).

For A. cardamines larvae Courtney (1980) rarely observed co-occurrence 
with other herbivores e.g. Plutella maculipennis, Cepaea sp., Limax sp., 
Phyllotreta cruciferae, and this limited the possibility of ccmpetition, 
though ovipositing females did seem to avoid plants occupied by spittle- 
bugs, and occasionally ccmpetition was seen between P. napi and A. 
cardamines.

The occurrence of any indirect interspecific ccmpetition was monitored 
in the present study by following the fates of individual eggs and flower- 
stalks .
(ii) Effects of intraspecific competition

Normally intense intraspecific carpetition is avoided either by adult 
oviposition strategy (e.g. Wiklund & Ahrberg, 1978; Rausher, 1979a;
Shapiro, 1980, 1981a; Hayes, 1981) or larval dispersal (e.g. Ito, 1960) or 
is not detected simply as a consequence of low population density.
Multiple laying often results in mortality due to cannibalism, but if egg 
or early instar mortality is evaded, competition for food becomes most 
intense in the later instars and there is often a reduction in pupal weight 
and scmetimes in growth, and also a faster development time and faster 
feeding rate are observed (Long, 1953, 1959; Morimoto, 1960; Harrison, 
1964). Generally the densities at which these phenomena occur are not 
observed in the field (with a few notable exceptions e.g. Dempster, 1971; 
Singer, 1972; White, 1974) but there is strong evidence to suggest that 
certain larval populations are in equilibrium and possibly at carrying 
capacity (e.g. Sfriith et al., 1949; Dethier & MacArthur, 1964). It is also 
possible that spatial clumping of eggs, a frequent occurrence in a number 
of butterfly species, may create competition at population densities well 
below those at which exploitation ccmpetition would occur given a regular
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distribution of eggs (e.g. Chew & Courtney, in prep.). Larval crowding can 
have several other adverse effects. For example in seme species feeding is 
severely interrupted even by infrequent encounters in the presence of ample 
food e.g. Bupalus piniarius (Van Emden & Way, 1973); heliconids (Smiley, 
pers. ccmm.). Metabolic changes induced by competition can increase 
susceptibility to viral diseases and this is thought to explain why in
dividuals may beccme sluggish and sickly at high density.

A. cardamines is notorious amongst butterfly breeders for its 
cannibalistic tendencies and Courtney (1980) considers that cannibalism is 
the major density dependent mortality factor in the dynamics of this 
butterfly.

A. cardamines egg and larval densities in the field are relatively low 
compared to flowerstalk density. Experiments have therefore been conducted 
both in the field and in the insectary to investigate what happens if egg 
and larval density is raised (e.g. is individual fitness lowered?), and to 
examine how the larvae behave and distribute themselves when in competition 
with conspecifics. Any resultant changes of feeding pattern were of part
icular interest because of their consequences for the dynamics of C. 
pratensis.

Cannibalism in Anthocharis is widely accepted as fact, and is used to 
support arguments that eggs are regularly distributed and that an ovi- 
position deterrence mechanism is in operation. However the evidence 
presented to date for the extent of cannibalism both in the lab and field 
consists of either casual observations or speculation (see Courtney & 
Duggan, 1983). A closely monitored experiment has therefore been conducted 
in the laboratory, and careful and frequent monitoring has been undertaken 
in the field to distinguish between cannibalism and predation.
2.3.1.4 Non Plant Related Factors

One of the objectives of this study was to assess the importance and 
extent of larval mortality due to starvation in relation to other non-host 
plant related deaths. It can be an extremely time consuming task to deter
mine which of these other factors actually caused the death and such a 
study has not been attempted here.

The findings of other workers indicate that the relative importance of 
parasites, predators and disease is highly variable both between and within 
species. This has been demonstrated for example by a number of studies on 
P. rapae (e.g. Richards, 1940; Harcourt, 1966; Dempster, 1967; Baker, 1970;
Parker, 1970; Ashby, 1974; Hasni, 1977; Root, 1984). Generalizations
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should therefore be regarded warily.
(i) Arthropod predators

The extent of predation can be demonstrated by erecting exclusion 
caging (e.g. Diffey, 1968) and in one such study (Ashby, 1974) 56% of the 
larval mortality of P. rapae was found to be due to arthropod predation.
In ]?. napi 50% of larvae fall prey to predators (Lees & Archer, 1975). The 
potential predators of larvae can be determined by feeding trials, but to 
quantify the relative importance of each a precipitin test on the gut 
contents is necessary (e.g. Dempster, 1967; Ashby, 1974). In Dempster's 
study the most important predators were the ground beetle Harpalus rufipes 
and the harvestman Phalangium opilio but nine other species also took P. 
rapae larvae. Three phalangid species and the beetles H. rufipes and 
Trechus quadristriatus were capable of climbing plants to take larvae, 
whilst the carabid Feronia melanaria caught dispersing larvae on the 
ground. Richards (1940) names three additional predators: Reduviolus 
ferus, Polistes gallicus, Vespula germanica. Smiley (1978) suggests that 
predator distribution may often be a more potent influence than plant 
chemistry in host plant selection, though in Rausher's (1979) study eggs 
did not appear to be optimally placed to avoid larval predators.

The literature reveals little concerning the predators of A. 
cardamines. Courtney (1980) noted one instance of predation by a Dun bar 
moth larva, and Wiklund & Ahrberg (1978) suggest that predatory bugs (e.g. 
Picrcmerus bidens may have taken seme larvae in marshy habitats. In this 
thesis the main aim has been to discover whether egg and early instar dis
appearance shows any density dependent trends, rather than to find which 
predator species are responsible for individual deaths.
(ii) Vertebrate predators

Vertebrate predation is again assessed by exclusion caging. The 
species responsible have to be determined by observation. Vertebrates tend 
to take the 4th and 5th instar larvae and can account for 20% of P. rapae 
larval mortality in natural habitats (Dempster, 1967) and a greater per
centage in gardens and allotments (Baker, 1970). The main avian predators 
are: house sparrow, hedge sparrow, tree sparrow, chaffinch, blue tit, great 
tit, songthrush, blackbird, starling, robin. Blue tits and sparrows have 
also been observed to take A. cardamines larvae (Courtney & Duggan, 1983). 
In Japan frogs take P. rapae larvae (Hasni, 1977), and undoubtedly in 
England small insectivorous mammals are also important, although no 
quantitative data are available.
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(iii) Parasitoids
Egg parasites can be important control agents in Pierids (e.g. Stern & 

Bowen, 1963; Parker, 1970), but are not very important in Britain. Per
centage larval parasitism can only satisfactorily be determined by rearing 
3rd-5th instar larvae in the laboratory. The commonest parasitoids tend to 
be the braconids, Apanteles rubecula (a solitary parasite almost specific 
to P. rapae), and the gregarious A. glcmeratus which mainly attacks the 1st 
and 2nd instar of P. brassicae. Richards (1940) found that plant site 
(whether intercropped or in a pure stand) rather than larval density or 
parasitoid density had most influence on the percentage parasitism by A. 
rubecula and Sato (1979) describes host finding by A. glcmeratus using leaf 
odour cues. The other major parasitoid of P. rapae is the tachinid Phryxe 
vulgaris. It is polyphagous and attacks 3rd to 5th instar larvae, emerging 
from the pupa, and it is often indirectly destroyed by the prior emergence 
of Apanteles. P. vulgaris does not respond to host plant density. Other 
parasitoids of P. rapae include the tachinids Phryxe nemea, Epicampocera 
succinta and Ccmpsilura concinnata, and the chalcid Ptercmalus puparum.
The morphology of these tachnids is described in Bisset (1938).

Parasitism rates can be highly variable, and while Dempster (1967) 
found parasitoids to be of minor importance for P. rapae, Richards (1940) 
found up to 60% parasitism by A. rubecula and 9% by P. vulgaris for the 
same species. In Canada, A. glcmeratus caused 1% mortality in P. rapae, 
and P. vulgaris a further 13% (Harcourt, 1966). Less than 10% of Pieris 
protodice individuals are usually parasitized (Shapiro, 1979) and the 
figure is also low for P. napi - only 2.5% (Lees & Archer, 1975). On the 
other hand, certain Colias species suffer between 50 and 100% parasitism 
(Michelbacher & Smith, 1943; Hayes, 1981).

For A. cardamines up to 43% parasitism by Phryxe vulgaris was noted at 
seme sites in Durham (Courtney, 1980). In Sweden a similar level of para
sitism was noted but the parasitoid was Apanteles saltator (Wiklund & 
Ahrberg, 1978). From the stance of plant-herbivore interactions the effect 
of parasitism on the rate of food consumption by the host is of interest. 
There are several variables to be considered: first the stage at which the 
host dies relative to the period of maximum food consumption; and second 
whether food consumed at a given instar increases or decreases. For the 
same host these factors vary according to parasitoid (e.g. Rahman, 1970; 
Parker & Pinnell, 1973). Parasitism frequently prolongs host development 
time (Hamilton, 1935) and may therefore influence the death risk from pre
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dation or other causes.
It is possible that parasites could be a regulating factor in the 

dynamics of A. cardamines, if one of these polyphagous parasitoids (which 
also exploited the other more abundant Pierid species) showed temporal 
switching behaviour.
(iv) Disease

The importance of disease is frequently assessed by lab-rearing, but 
must be viewed with seme sceptism as relatively minor changes in environ
ment and diet can radically alter susceptibility to disease. For example 
P. brassicae larvae are most susceptible when the diet is deficient in 
sucrose or casein (e.g. David, Ellaby & Taylor, 1972; David & Taylor,
1977).

One case where viral disease was clearly very important in the pop
ulation dynamics in the field is described in Harcourt (1966). Viral 
disease is diagnosed by loss of appetite, sluggishness and increasing 
pallor until the body beccmes yellowish and bloated. Viral capsules are 
detected under dark field illumination and high magnification. Dempster 
(1967) found the granulosis virus Bemoldia virulenta to be of minor 
importance to P. rapae in the UK.

Other diseases of Pierids include fungal infections e.g. Metarrhizium 
anisophiliae (Dempster, 1967) and bacterial infections caused by for 
example Bacillus thurgiensis. Bacterial disease is distinguished from 
virus in that the body turns black and dehydrates (Norman Crook, pers. 
ccmm.) .
2.3.2 Methods and Results
2.3.2.1 Development and Feeding Rates
(i) Effect of flowerstalk density on feeding by 4th/5th instar larvae, 1981
(1) Design

4 x 2 with 4 replicates
Treatment A) Levels of flowerstalk density 1, 2, 3 and 4 stalks per 

pot
Treatment B) Levels of flowerstalk age

1) Flowering plants - age 4
2) Age 5 plants (pods only)

(2) Method
An experiment to estimate the functional response of 4th/5th instars 

when feeding on whole stalks was conducted at 17°C in the insectary using 
potted plants standing in gravel trays. One larva was transferred to each
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pot and the experiment run for five days. Suitable pods per stalk were 
counted at the start and recounted together with dehisced pods at the end.
(3) Re£ults_

The two flowerstalk age treatments were analysed separately in two 
one-way ANOVAs on arc-sine transformed data. The results are shown in 
Table 2.7a & b.

Density had a significant effect on the proportion of suitable pods 
remaining at the end of the experiment for both young and old stalks. It 
was pod density not stalk density however which was the important in
fluence. Stalk density 4 sustained higher proportional damage than density 
3, but examination of the 'flowering' stalks showed that there were, in 
fact, fewer pods available at the highest stalk density.

For young pods a plot of pods eaten against pods available asymptotes 
at about 20 pods in 5 days (4 pods/day compared to an estimated 1.6 pods/ 
day from field data) (see Fig. 2.42a). The curve was fitted by firstly 
estimating a' and Th by least squares regression from a plot of mean pro
portion removed against mean number removed, the fitted equation was:

y = 1.84 - .065x r2 = 99.2% and F(± 2) = 266 (p < .001) 
where:

Number of pods eaten = Tt.a' - a'Th. N eaten.
Number of pods available

(Linear regression through all the points did not give a sufficiently good 
fit to the equation). With the estimated a' and Th values, the curve was 
drawn using the disc equation:-

N eaten = Tt.a'.N.p 
(1 + a'bN)

The functional response of the larvae on older stalks shows greater 
variability than that for younger stalks (see Fig. 2.42b). Feeding rate at 
the two intermediate densities is lower than at either extreme. The 
asymptote is not obvious from the data, and it was not attempted to fit a 
curve through the data. In general fewer pods were eaten for a given pod 
density in the older stalk treatment than in the young stalk treatment.
(ii) Effect of larval instar and pod density on food consumption 
(1 ) Design

5 x 5 x 2  factorial x 10 replicates
Treatment A) Levels of larval instar 

1st-5th instar
Treatment B) Levels of pod density
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Table 2.7 : The effect of stalk density on the proportion of pods surviving 
attack by 4th/5th instar larvae on stalks a) with young pods, 
b) with old pods.

a) Treatment means 

Stalk Density Pod Density

1 13.25

2 21.75

3 44.25

4 32.5

Pooled S.E. = 3.3

For 1-way ANOVA on arc-sine transformed data ^  = 9.37, p < .005

Mean proportion surviving (transformed)

0

19.3

45.3 

37.7

b) Treatment means

Stalk Density Pod Density

1 11.25

2 17.75

3 27.5

4 42.75

Mean proportion surviving (transformed)

22.2

50.0

65.1

53.5

Pooled S.E. = 3.8

For 1-way ANOVA on arc-sine transformed data F^ = 5.73, p < .025
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Fig. 2.42 Functional response curve for 4/5 th ins-tar larvae 
feeding on:-

a) young pods

b) old pods
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5 levels; per instar
1) 1st: 1, 2, 3, 4/ 5
2) 2nd: 1 r 2, 3, 4, 5
3) 3rd: 1, 2, 4, 5/ 6
4) 4th: 2, 3/ 4, 8, 10
5) 5th: 3, 4, 8, 10 , 12

Treatment C) Levels of attack
1) 1 larva per petri dish
2) No larva - control for weight change

(2) Mejdiod
Pods were weighed and kept in petri dishes with or without larvae for 

one day at 20°C, 18 hr. light. At the end of the experiment the pods were 
immediately reweighed and a subsample freeze dried and weighed again to 
obtain the relationship between fresh and dry weight (Fig. 2.43). Dry 
weight of food eaten by individual larvae was calculated as follows:-
( i ) Wet weight control (end) 

Wet weight control (start)
* x Wet weight expt. (start) =

Expected wet wt. expt. (end)

(ii)

*This ratio varied and changes are indicated in Appendix 39.

Expected wet weight expt. (end) x Dry weight = Expected dry wt. expt.
Wet weight (end)

(iii) wet weight expt. (end) x Dry weight = Dry wt. expt. (end)
wet weight

(iv) Dry weight food eaten (g) = Dry weight expected (end) - Actual dry
wt. (end)

Marquat's algorithm was used to obtain the best fit functional 
response curve for Ivlev's equation:

F = a (l-e-bx)
(3) Results

The functional response curves for 1st, 2nd, 3rd, 4th and 5th instar 
larvae (shown in Figures 2.44 a-e respectively) are all type II. The 
asymptote (described by parameter a) represents the maximum feeding rate 
and is estimated to be 0.005*, .004, .007, .04*, .062 g dry weight per 
larva per day for the 1st, 2nd, 3rd, 4th and 5th instars respectively.
(* indicates the asymptote was estimated by eye because the fitted curve 
did not plateau out) For these captive larvae food intake is estimated to 
increase with Body Weight (see Fig. 2.45 and Appendix 40a).

For all instars there is a trend towards increased variance in feeding
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Fig. 2.43 Relationship between fresh and dry weight (gms) of 
Co pratensis pods and stalk.

Fitted regression is y = 0.292x - 0.0001; r = 0.989, 
p <  0.001 with 116 df.
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Fig. 2.44 Relationship between food eaten (g dry weight) 
and food given (g dry weight).

a) 1 st Instar. _(S.4-7 X
Fitted non-linear regression is y = 0.0096 (1 - e );
95% C.I. for parameters a and b when calculated simultan
eously: -0.0185 to 0.0378 and -47.164 to 78.105 respectively.

a)

F o o d  g i v e n  ( g m .  d r y  w t )
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and food given (g dry weight).
b) 2nd instar. -7S
Fitted non-linear regression is y = 0.0042(1 - e X;
95% C.I. for parameters a and b when calculated simult
aneously: ■ 0.0Q14 to 0.0071 and -86.63-. to 244137 respect
ively.

F ig .  2 .44  R e la t io n s h ip  between fo o d  e a te n  (g d ry  w e ig h t)

Q

c) 3rd Instar.
Fitted non-linear regression is y = 0.0066(1 - e );
95% C.I. for parameters a and b when calculated 
simultaneously: 0.0046 to 0.0087 and -101.91 to 355.34 
respectively.

L L . C S
Food given ( gm. dry w t  )
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and food given (g dry weight).
d) 4th Instar. _4-.6,Sx
Fitted non-iinear regression is y = 0.0739 (1 e ).
95% C.I. for parameters a and b when calculated simultaneously 
-0.1046 to 0.2524 and -9.656 to 19.026 respectively.

F ig .  2 .44 R e la t io n s h ip  between fo o d  e a te n  (g d r y  w e ig h t)

e) 5th Instar. -23-ix
Fitted non-linear regression is y = 0.062(1 - e ).
95% C.I. for parameters a and b when calculated simultaneously 
.0511 to 0.0735' and 10.404 to 35.796 respectively.

o’
food available (gm. dry weight)
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Log e F = 1.191ogeW - 0.13

F ig .  2 .45  E f f e c t  o f  l a r v a l  i n s t a r  on fo o d  e a te n  p e r  day
(mg d ry  w e ig h t ) ,

Fig. 2.46 To show decline in searching efficiency ’a 1 with 
larval density.

' a '  f o r  m o s t  s e d e n t a r y  
r e p l i c a t e

1 . 5 0 1 . 2 8 0 . 3 7 6

mean ' a ' { +  S . E . ) 0 . 5 9  ( . 4 5 ) 0 . 4 7  ( . 4 0 ) 0 . 2 4  ( . 0 8 )
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rates with increasing food availability. In 10r 7, 2, 2, 0 cases for the 
1st, 2nd, 3rd, 4th and 5th instar respectively, negative feeding rates were 
recorded, which resulted from continued photosynthesis by the pods leading 
to weight increases in the plant material which were not checked by larval 
feeding.

The experimental data are presented in Appendix 40.
(iii) Effect of larval density on feeding rate in the insectary
(1) Design

3 larval densities (1, 2 and 4) replicated 3 times
(2) Method

The experiment was conducted at approximately 17°C for 7 days with 
potted stalks of age class 5 and 4th/5th instar larvae. The larvae were 
placed on the plants with 3 cm between each animal. Edible pods were 
counted at the start and finish. The experiment was checked daily and any 
larvae which had moved were either substituted or placed back on the plant.
(3) Rej3ults_

Searching efficiency 'a' was calculated using the formula:-

A one-way ANOVA was then performed on the loge (x+1) transformed data. 
No significant interference effects were detectable using pod consumption 
as the measure. Varibility in ’a' was significantly correlated (Spearman 
Rank Correlation Coefficient = -0.667, p < .05) with larval movement off 
the plant, but movement was not significantly correlated with density, with 
single larvae just as likely to move as caterpillars at high density. The 
increased mobility of larvae, together with the small quantities of food 
consumed (compared to the stalk density experiment) suggests that the 
larvae and replacement stock used were too old for feeding experiments, and 
were close to the wandering phase and pupation. Taking the most sedentary 
replicate frcm each larval density and mean 'a', there is evidence of a 
trend towards a decline in 'a' with increasing larval density (see Fig. 
2.46).
(iv) Effect of larval density on mobility and larval and pod survivorship 

in Pond Field 1982
(1) Design

3 x 2  factorial with 2 major replicates 
Treatment A) Levels of larval density

a 1) log N 
P Ns

1) One larva per stalk (i.e. 10 per plot)
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2) 3 larvae per plot - placed on stalks 1, 5 and 10
3) No larvae

Treatment B) Harvesting date
1) Early - one week after the last individual had dis

appeared
2) Late - over a month later

(2) Method
-2Each plot contained ten f lowerstalks/0.25 m . Treatments were 

randomly assigned and each stalk was mapped with respect to its distance 
from other stalks, numbered, tagged, florets and inflorescences counted and 
height measured. Seme of the 3rd instar larvae were individually marked 
while others were not (as a control measure in case marking affected pre
dation) . Larval presence, position and instar was monitored at dusk each 
day until all had disappeared. At harvest, seed production, pod survivor
ship and stalk dry weights were assessed.
(3) Results

A) Effects of larval density on plant parameters 
a) Componentsjof dry weight_and_size_

Due to dilution effects by the end of the experiment, we 
might expect greater damage levels and greater above-ground weights in the 
zero and low larval density plots. However there was no significant effect 
of larval density on dry weight of stalk remaining, length of flowerstalk 
remaining or on root dry weight (see Appendix 41a-d respectively). Change 
in stalk length was a more sensitive measure and was significantly affected 
by larval density (see Appendix 41e). Control stalks continued to growth 
in length during the experiment which exaggerated the length losses due 
directly to larval feeding. Foliage dry weights for the plants as expected 
at the early date decreased with increasing larval density but increased 
with larval density for the late harvest date plots (see Appendix 41f).

The weight loss suffered by stalks between the early and 
late harvest dates, is due to seed dehiscence, and amounts to between 40 
and 60 mg dry weight for the control and low larval density treatments. At 
larval density 10, stalk weight was higher at the later date; there was no 
shoot regrowth to explain this ancmaly.

Appendix 42 presents the above data in a format which is 
immediately comparable with the 1981 Pond Field Experiment. The two 
experiments are considered in the discussion on immature stages (see 
Section 2.3.3).
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b) Reproduct_ive_units
The number of surviving fertile pods was significantly 

affected by larval density but not by harvesting date (when this effect 
occurs in other experiments, it is usually as an artefact of the brittle
ness of the dehisced pods) (Appendix 43). Differences between the control 
stalks and low larval density means were not significant however, since 
both treatments produced few pods because of slug damage. Larval density 
did not significantly affect seed numbers per flowerstalk, since seed 
weevils (Ceutorhynchus spp.) destroyed the seeds of any surviving fertile 
pods (see Appendix 43).

B) Relationship between larval residence time and damage to the plant
There were, as expected, significant (p = .05) negative 

correlations between the length of time a stalk was occupied by a 4th 
instar larva and the length of stalk remaining (r = -.222, df = 78), the 
number of fertile pods remaining (r = -.242, df =78) and the number of 
seeds per flowerstalk (r = -.277, df = 38).

C) Relationship between initial plant parameters and the duration of 
stay of the original larva

The number of days that a larva remained on a stalk after 
transplantation was not significantly correlated with the height of the 
stalk (r = .164, NS, df = 78), the total number of florets (r = .184, NS, 
df = 78) or the number of undamaged florets (undamaged by slugs) (r = .091, 
NS, df = 78).

D) Effect of larval density on larval parameters
Larval density had no effect on the mean number of days 

survived by 4th/5th instar larvae in the field (see Appendix 44). Death of 
5th instars caused by crab spiders and slugs was observed, and slugs 
knocked larvae off plants on a number of occassions. 'Boxing' was observed 
between larvae, but no injuries were ever seen to result from this 
sparring.

When net movement is summed for each larva, there is no signi
ficant difference in the mean distance moved per larva per day at the two 
larval densities. Means for the mobile larvae alone also show no signi
ficant difference ('non-mobile' larvae comprise sedentary larvae, and 
larvae which moved but were not rediscovered). Mean transfers per larva 
from plant to plant are not significantly affected by larval density, 
though of course there are more transfers at higher density (see .Appendix 
44).
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(v) Effect of temperature on larval feeding rate
(1) Design

Levels of temperature
10, 15, 20, 25, 30°C

(2) Method
Ten 5th instar larvae per temperature were placed in individual petri 

dishes with a piece of damp cotton wool and given a weighed excess of C. 
pratensis. Control dishes with pods and cotton wool only were also placed 
in the C.T. roans. After 24 hours the remaining food material was weighed 
again, dried and reweighed.

To calculate the quantity of food consumed, an expected weight of food 
by the end of the experiment was calculated as described in the functional 
response experiment.
(3) Results

The relationship between dry weight and wet weight of plant material 
is shown in Appendix 45, together with the regression equation. The con
version coefficients for calculation of the expected wet weight of material 
remaining in the experimental dishes are also given in Appendix 45, as are 
the experimental data. Fig. 2.47 shows the increase in dry weight of C. 
pratensis (mg) eaten by individual larvae per day with increasing 
temperature. Because a number of larvae did not feed at all, the two most 
abstemious larvae at each temperature are excluded from the graph (this 
still leaves two 'negative' feeders at 10°C so the data can not be logged 
even though the relationship is clearly non-linear). Mean feeding rate 
more than doubles between 10 and 15°C, nearly doubles between 15 and 20°C, 
but at still higher temperatures the asymptote is approached and further 
increases are insignificant.

Analysis of variance shows the effect of temperature on mean feeding 
rate to be significant, despite considerable variation in food consumption 
at any given temperature.

The mean feeding rate for larvae at 20°C in this experiment is similar 
to the result obtained for 5th instar larvae from the functional response 
experiment (also conducted at 20°C). Maximum feeding rates were 60.6 mg 
dry weight and 62 mg dry weight per larva per day in the two experiments.
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Fig. 2.47 The effect of temperature on the amount of food 
consumed per day, by 5th instar larvae.

The fitted regression equation is: y  = 2.89x - 10.3 
r = 0.786, df = 38 p < . 0 0 5

x  food con- 1 12.6 
sumed (mg d.wt)

33.2 60.6 59.5 71.7

+ S.E. 5.4 5.9 4.8 6.0 5.2

One-way m O V A  F (4,35) = 19.34 p < .  005
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(vi) Effect of temperature on egg and larval development times and pupal 
weight

(1) Design
Levels of temperature 
10, 15, 20, 25, 30°C

(2) Method
Eggs laid by captive females were transferred daily to individual 

petri dishes containing an excess of food plant (C. pratensis) and a piece 
of damp cotton wool (to maintain humidity within the dish). Initially 20 
plus dishes were placed in each C.T. room, but this was later reduced as 
little within-treatment variation was observed. The instar and length of 
larva was recorded daily. Pupae were weighed 3 days after pupation.
(3) Results^

A) Effects of temperature on development times and mortality
Only 3 larvae successfully pupated at 10°C, but this may not 

have been due to the low temperature. From this group, 3 individuals of 
the 15 died as eggs or 1st instar, 1 died in 3rd instar and the remainder 
were just about to pupate when they were overcome by a bacterial infection 
which had spread through the whole culture by this time. There was zero 
mortality at 15, 20 and 30°C (n = 15, 17, 28 respectively) and 22% death 
rate at 25°C (n = 18).

The total development time frcm egg-laying to pupation was 
shortest at 25°C taking 15 days, whilst at 10°C it was prolonged to 66 days 
(see Fig. 2.48a).

At temperatures in excess of 35°C eggs frcm mated females did 
not colour up and were assumed to be heat sterile. 25°C was therefore the 
optimum temperature for rapid development. Figs. 2.48b-h give a further 
breakdown of development times for the egg stage and each instar. With the 
exception of the egg and 5th instar, development time is always shortest at 
25°C, in the former cases it is shortest at 30°C. Development time always 
declined in a curvilinear manner with increasing temperature, though for 
most stadia there was a suggestion of an increase in the time taken at 
30°C.

Appendix 46 shows the duration of the different colour stages 
of the egg and makes clear the need for temperature data when trying to 
extrapolate oviposition date from egg colour in the field.

Data for the 5th instar is subdivided into the duration of the 
wandering phase and the active feeding period preceding it.
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B) Effects of temperature on pupal wet weight
The temperature causing the fastest development produces pupae 

of a low wet weight, though at 30°C there is both rapid development and 
high pupal weight (see Fig. 2.49a). The relationship between pupal weight 
and total length of feeding period (all instars) is shown in Fig. 2.49b) r 
= .312 (df = 40, p < .05). Estimates of total food consumption during the 
5th instar at different temperatures are given in Table 2.8 but these do 
not follow the same pattern as pupal weight, and it appears that net pro
duction at intermediate temperatures (20 and 25°C) is lower than at either 
extreme.

C) Effects of temperature on head capsule and body size
a) He£d_cap£u]^e_b£e£dth

Variability in head capsule breadth (at the widest point) is 
documented in Appendix 47. Though significant differences arise when the 
data are analysed, there was no overriding trend for all instars. The 
precision of the method (a microscope eyepiece graticule was used) was 
limited to one decimal place and so negates the differences between the 
calculated means which involve several decimal places. In the Appendix all 
means are rounded up.

b) Maximum bcdy_length
Appendix 48 gives the results for all instars. For the 1st 

instar no significant differences occur at the different temperatures, 
while in the second instar body length is significantly shorter at the 
intermediate temperatures. The 3rd and 4th instars show two troughs in 
body length, one at 10°C and one at 25°C, similarly for the 5th instar but 
in this case at 10 and 20°C. Thus the only instar at which mean body 
length follows the same trend as mean pupal weight for the different 
temperatures, is the 2nd instar. However a scattergram of individual pupal 
weights against maximum body length for the 5th instar (see Fig. 2.50) does 
indicate that body length can be used as an, albeit imperfect, predictor of 
pupal weight (r = .491, 40 df, p < .01).
(vii) Effect of artificial diet on mortality, development time and pupal 

we ight 
(1) Method

Artificial diet was prepared in three batches and stored at 0°C. The 
composition of the diet was as follows:
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Fig. 2.49a The effect of temperature on pupal weight (mg)

1-way ASfOVA F(4,53) = 10.02, p<.005

x pupal wt 112.4 116.2 92.8 92.0 117.4
S.E. 5.8 3.2 2.6 5.4 4.3
n 3 .L 3 16 14 10
b) The effect of duration of larval feeding activity (days) 

on pupal weight (mg wet weight). 
r = .312 df = 40 p c  .05

A C T I V I T Y  ( DAYS)
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Table 2.8 : Estimated food consumption for the 5th instar at differing 
temperatures.

Temperature
Duration 
5th instar 

feeding stage 
(days)

Food
consumption 
per day 

(mg dry wt)

Total consumption 
for 5th instar 

(mg dry wt)

10 13.56 12.6 170.8

15 5.47 33.2 181.6

20 4.00 60.6 242.4

25 3.64 59.5 216.6

30 3.10 71.7 222.3
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Fig. 2.50 The relationship between pupal weight and max- 
imum body length recorded for the 5th instar. 

Fitted regression equation:- y = 4.35x - 11.2, r = .491 
(40df) , p <.01.
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(g) (g)

Maize meal 35.0 Methyl parahydroxybenzoate 0.75
Wheat germ ("Bemax") 30.0 Aurecmycin 0.115
Yeast powder 30.0 Davis agar 9.50
Sucrose 18.0 Wesson salts 5.0
Dried C. pratensis 
material

7.5 Ascorbic acid 2.0

Formaldehyde soln 
(10%)

2.15 Acetic acid (25%) 5.7

Potassium hydroxide 
(4 M)

4.0 Choline chloride soln (50%) 1.15

The agar and remaining solids were mixed with 200 and 110 mis of distilled 
water respectively. This diet follows approximately the proportions and 
method suggested by Morton (1979). Gardiner (1978) gives the formulation 
for Wesson's salts. This quantity of diet should feed 50-60 larvae. For 
the experiment there was one block of diet and one dark orange egg in each 
petri dish. All dishes were kept in a C.T. room at 20°C.
(2) Results

A) Effect on mortality
Of 40 eggs set up only 4 successfully pupated, and three of 

these subsequently died from bacterial infection. Unfortunately as the 
'control' group of larvae (fed on normal diet) were reared at a different 
time from this experimental group, there is effectively no control for the 
effects of bacterial infection which became prevalent by the end of 
development period of the artificial diet group. However it seems fair to 
attribute early instar mortality to the diet. In the control group none of 
the eggs failed to hatch and there was no larval mortality (n = 17). The 
fates of experimental larvae are listed below:-

Time or cause of death Proportion

Hatch failure 0.15
Failed to feed in 1st instar 0.4
1st instar 0.075
2nd instar 0.10
3rd instar 0.00
4th instar 0.00
5th instar (bacterial infection) 0.17
Pupa 0.075

0.975

Thus if failure to hatch is not included (as transfer on to the diet may 
have increased susceptability to dehydration) and death due to infection is
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also excluded, survivorship on the diet would be 61% (n = 18).
B) Effect on development time

Development time was significantly prolonged for all instars 
(see Fig. 2.51).

C) Effect on pupal weight
Due to the infection only the first larva to pupate formed a 

healthy pupa, which weighed 102.7 mg; this falls outside the 95% confidence 
limits of the control group i.e. 92.8 + 4 . 6  mg.
2.3.2.2 Suryivorshnd_Larva.1 Mobility
(i) Larval survivorship with respect to flowerstalk attributes 
(1) Method

A) At a given site, eggs were sought and a numbered dymo label stuck 
and stapled round the base of the flowerstalk. A sketch map of the site 
was drawn, so that the stalks could be relocated when further visits were 
made at weekly or shorter intervals to follow larval survivorship.

In 1981 survivorship was followed at Binfield, Holyport Verge and 
the Kissing Gate, Silwood Park. In 1982 however, due to major disturbance 
at the Binfield site, it was abandoned and two further sites at Silwood - 
Rush Meadow and Pond Field - were used instead. In 1983 an additional 
site, Ribblesdale Park, was also used.

Description of_major_sit£s
(1) Binfield (SU955714): a wet meadcw site bounded by a stream to 

the west, a drainage ditch to the north, and on all sides by 
well established hedgerow. Predominantly grassy, major dicot 
species were Trifolium sp., Ranunculus sp. and Lotus comi- 
culatus L. Juncus dominated to the north-east. Vegetation kept 
fairly low by horse grazing. Total area of the site approx
imately 10224 sq. metres.

(2) Holyport Verge (SU889776): a grassy verge on either side of the 
A330, with a small stream running along one side. Seme tree 
shading by willow and oak. A diverse herb flora including:- 
Ranunculus repens L., R. ficaria L., Lathyrus pratensis L., 
Filipendula ulmaria (L.) Maxim, Taraxacum officinale Weber, 
sensu lato, Phleum pratense L., Alopecurus pratensis L., Rumex 
sp., Potentilla anserina L., Heracleum sphondylium L., Lamium 
album L. and L. purpureum L., Glechcma hederacea L., Trifolium 
pratensis L., Anthriscus sylvestris (L.) Hoffm. Total area of
the site: approximately 7808 square metres.
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Fig, 2.si

S i

Development times of larvae fed on artificial 
diet compared to larvae fed on c. pratensis.
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Pond Field is described in Appendix 37.
(3) The Kissing Gate (SU942692): small patch of plants covering 400 

sq. metres with a hedge on one side. Danina ted by Juncus.
(4) Rush Meadow (SU939692): two patches of plants 20 and 24 sq. 

metres in size in 1982, and an additional two patches in 1983. 
Vegetation predominantly a Juncus community.

(5) Ribblesdale Park (SU946695): a dry and wet acidic grass meadow
2 .bounded on four sides by hedgerow. 3300 m m  area, mown 

annually. A list of the associated flora is given in Appendix 
49.
The attributes of the flowerstalks measured upon discovery of 

an egg differed between 1981 and 1982/83 (see Section 2.2.3.2 viii for 
details of 1982/83). In 1981 the following were measured: height of 
flowerstalk; whether overtopped or not; number of buds, flowers and pods; 
number of inflorescences; associated flora and fauna; number of eggs on the 
stalk; the distance to the five nearest neighbours and whether they con
tained eggs.

The larva was deemed to have survived until the last instar 
recorded before its disappearance. The stalk was checked on the two 
subsequent visits to the site after the disappearance.

B) Tracking the between plant movement of 5th instar larvae using
fluorescent dyes

In 1983 5th instar larvae were marked with fluorescent dye 
powder dissolved in a little acetone. They were then tracked nightly using 
an ultra-violet light powered by a portable 6 volt battery pack.
(2) Re^ults_

A) Survivorship data
The pooled results for 1981-83 for the Berkshire sites are 

shown in Fig. 2.52 (the hatched blocks), together with Courtney's data from 
Durham for other crucifers. The initial number of eggs is set arbitrarily 
at In (eggs) = 2.0, actual sample sizes are given in the legend. There
after the difference in height between the successive blocks of a given 
treatment reflects the k-value for the stadium indicated on the x-axis.
The overall pattern of survivorship on C. pratensis is one of high egg loss 
and 1st instar mortality followed by better 2nd and 3rd instar survival. 
Mortality rises again in the 4th instar. 5th instar mortality is not con
sidered for the pooled data. Data for each site are given in Appendix 54.
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Fig 2.52 Histogram to show variation in observed k—v5.l~u.0s 
for a . cardamines stadia with rslation to rsgion— 
al distribution and, host plant spsciss.

Courtney's data for Durham 1977—79, Ke 0.95 (s 38.8/,) ,
n= 652. ,_  ̂ .Duggan's data for Berkshire 1981-83, Ke=1.45 (s-23.4%),
n= 790.
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a) Egg natality;
The k-values for egg mortality range from .187 to 1.43 with 

a pooled k-value of .532. The two extremes were observed in the same year 
at different sites within Silwood Park. In 1981 the eggs were relatively 
old when tagged and the ke-values for egg mortality at Binfield and Holy- 
port in that year may be unrealistically low.

Variation in egg mortality rates within a site has been 
examined with respect to two measures of egg density, number of eggs per 
flowerstalk and eggs per quadrat. The results from all sites are pooled in 
Fig. 2.53. Interpretation of trends in the results is complex for several 
reasons. Firstly, confidence is lower in the estimates for the higher egg 
densities due to small sample sizes. Secondly, a multitude of different 
mortality agents interact with each other, the weather and factors such as 
stalk density, to produce the observed trends (see Table 2.9; Appendix 51; 
Fig. 2.54).

Site data are given for variation in mortality with number 
of eggs per flowerstalk in Appendix 52. Of the sites where more than two 
eggs per flowerstalk were observed, the Kissing Gate 1981, Farm 1983, Pond 
Field 1982 and Rush Meadow 1982 and 1983 showed an upward trend in egg 
mortality as egg density per stalk increased. In these cases the trend was 
not attributable to cannibalism, as disappearence either preceded the pre
dicted egg hatch dates, or was simultaneous and left no survivor, or was 
due to a known agent. Generally, cannibalism was rarely suspected and even 
less rarely observed. The number of deaths due to cannibalism at each egg 
density within each site is given in Appendix 52. At Binfield in 1981 
cannibalism accounted for the majority of deaths at the high egg densities, 
but multiple oviposition did not result in a higher death rate than was 
experienced by single eggs. Cannibalism may have been of importance at 
Holyport in 1982 and to a lesser extent at the Kissing Gate in 1982, while 
egg deaths at these sites by causes other than cannibalism follow an in
versely density dependent trend. At both the Kissing Gate 1982 and 
Ribblesdale 1983 proportionally more single than triple eggs died.

The data have been analyzed using GLIM a statistical package 
for Generalized Linear Modelling (see Appendix 52). The package transforms 
the data into natural logs (rather than arc-sine) and fits error terms 
appropriate to each of the binomial proportions (using their sample size 
and location within the binomial distribution). Regression analysis can 
then be carried out using a method similar to the least squares technique.
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Fig. 2.53 To show variation in egg mortality with a)number
of eggs per 0.25mz quadrat - all data pooled____
b) number of eggs per flowerstalk - all site data 
pooled.
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Table 2.9 : Key to causes of egg mortality.

Cause Description

Cannibalism Egg biten through and other eggs or larvae present on 
flowerstalk.

Cannibalism ? Suspected cannibalism - egg disappeared whilst another 
larva present on stalk.

Blackened Egg turned black, Trichogramma ?

Slug Egg disappeared following grazing by a slug, or egg 
enveloped in slime and failed to hatch.

Predation/ 
Dessication

Egg present on stalk but shrivelled.

Lepidopteran
competitor

Flowers or buds eaten together with egg.

Rabbit Majority of flowerstalk biten off.

Philanenus sp. Egg covered in spittle and did not hatch. Often the 
spittle dried out and the egg hatched successfully, 
those cases not included.

Spider Spider present on stalk prior to disappearence of egg.

Totricid sp. Several species of totricid webbed around egg, which 
subsequently disappeared.

Hatch failure Cause unknown, coloured up brown but did not hatch.

Infertile Remained white and eventually shrivelled.

Drowned Inflorescence immersed in water.

Bud removed Unknown agent removed all the buds from the centre of 
the inflorescence, most opened flowers left untouched.

Hosts uprooted 
or felled

Agent unknown. Stalk and egg dessicated.
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Fig. 2.54 Histograms to show proportion of a) egg and b)
1st instar mortality (percentage of total disap- 
pearence at each stadium) resulting from assorted 
causes. Data from all sites pooled.

KEY TO MORTALITIES ; a) C a n n i b a l i s m  b ) C a n n i b a l  i s m ?  c ) B l a c k e n e d  d ) S l u g  
e ) p r e d a t i o n / d e s s i c a t i o n  £ ) L e p i d o p t e r a n  c o m p e t i t o r  g ) R a b b i t  h ) P h i l a e n u s  s p .  
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However, the measure of variance - the sum of squares - used in normally 
distributed data is replaced by Chi-squared.

The programme first calculates the residual variation for 
the null model. If a density model is then fitted to the data, the 
residual variance (or deviance) decreases frcm 105.5 to 98.21, i.e. chi- 
squared is 7.29. Only one more degree of freedom has been used in the
density model than the null model, and the former therefore gives a signi-

2ficantly better fit to the data than the latter (X = 7.29, df = 1, p < 
.01). Using site in the model and controlling for density (i.e. 7 parallel 
lines, each corresponding to one site are fitted through the data) the 
residual variance is again significantly reduced. If the interaction be
tween site and density forms the basis of the model (i.e. the line for each 
site is permitted to have a different slope) than residual variance again 
falls significantly, in fact to such a level that all the variance in egg 
mortality is explained by that model.

The effect of correlations between factors can be examined 
by manipulating the models. For example, a model using year and control
ling for density gives a better fit than density alone. However adding 
year to a model in which density and site are already controlled for, does 
not significantly reduce residual variation. Hence it is the correlation 
of year and site (seme sites were only used in a single year), and the 
importance of site, that causes the better fit, rather than the effect of 
year.

In summary the results show that egg density per flowers talk 
has an overall effect on mortality and the regression line for the effects 
of In (density) on In (proportion killed) (ignoring site and year effects) 
is:

Y = - .79 + .239x
i.e. for each extra egg added per flowerstalk, mortality is 1.27 times more 
likely. Site has a very important influence on the nature of the density 
relationship, but year has no significant effect.

Variation in mortality rates with egg density per quadrat 
for each site is detailed in Appendix 53. The majority of sites exhibit an 
overall rise in mortality with increasing egg density within the site. At 
Binfield in 1981 and Holyport 1983 there was no trend. Known density in
dependent effects should be removed frcm the analysis before further in
ference is drawn regarding aggregation of predators, but in view of the low 
sample size per density category, this further analysis has only been done
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in one case. At Holyport in 1983, rabbits (the most important known 
mortality factor at the site), by chance exclusively killed eggs in the one 
and two egg per quadrat categories, thus obscuring the trend of higher 
mortality at higher egg density seen in 1981 and 1982. The GLIM analysis 
in Appendix 53 shows that density per quadrat has no effect on mortality 
once site differences are taken into account.

In addition to within site density effects on mortality, 
there also appear to be between site and between year density effects on 
the ke~value for egg mortality, kQ (see Fig. 2.55a & b). The relationship 
in (a) is almost significant at the 5% level and a non-linear function is 
perhaps more appropriate. In (b) the independent variable is given on a 
log scale to show the inter-year differences for Rush Meadow, Kissing Gate 
and Holyport. When the same site is considered mortality rises with the 
yearly mean for the number of eggs in the vicinity of each egg-bearing 
flowerstalk.

However, over all sites and years there was not a signi-
2ficant correlation between kQ and the site egg density per metre as 

estimated by random quadrating (r = .054, df = 6). 
b) 1st. in^tarjmortaHty

Variation in 1st instar mortality with respect to initial 
egg density (per flowerstalk and per quadrat) is included in Appendices 52 
& 53. The egg and 1st instar stages provide a good opportunity to study 
the aggregation behaviour of predators because we can be sure that dis
appearance represents death rather than dispersal as eggs and 1st instars 
are immobile and because egg density is known. The pattern of disappear
ance in later instars cannot be examined as larval density were not made 
and the original egg densities do not represent the densities of older 
instars encountered by predators.

GLIM analysis shows that 1st instar mortality as a pro
portion of 1st instar density per stalk is significantly affected by 
initial egg density per stalk, year and site factors also have a signi
ficant effect (see Appendix 52). Analysis of the proportion of 1st instars 
dying at the various egg densities per quadrat showed year and site factors 
were the overridingly important components influencing the density/ 
mortality relationship (see Appendix 53).

The overall picture for the combined proportion of eggs and 
larvae dying is that in 7 of the 11 cases, death rate rises with the number 
of eggs per flowerstalk, whilst at KG82, RM83 and Ribb there is increased
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Fig. 2.55 Relationship between egg mortality, kQ and a)
mean egg crowding .(mean of eggs per ^quadrat for 
egg-bearing flowerstalks) and b)log mean egg 
crowding.
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mortality between 1 and 2 eggs per stalk, but a drop between 2 and 3 eggs, 
and at Bin81 there is no trend. GLIM analysis shows that density, year and 
site all significantly reduce the variation in the null model. Egg/lst 
instar mortality rises with egg density per quadrat in approximately half 
of the listed cases, trends are lacking at Bin81, HP83, RM83, PF82 and Ribb 
and this is reflected in GLIM analysis which shows no significant effect of 
density.

Causes of 1st instar mortality are listed in Appendix 51 and 
shown in Fig. 2.54. At Holyport in 1983 45 of the tagged plants were mown, 
for 30 of them egg loss could be calculated and these eggs were included in 
the estimation of kQ and the mortality data. As further oviposition did 
not take place in the unmown areas, 15 more stalks bearing 1st instar 
larvae were tagged. Hence in Appendix 50 the number of 1st instars is the 
actual number followed, whilst the number of eggs is an estimate based on 
egg mortality in the original sample (N = 95).

c) 2nd - 5th m£tar_mort_al.ity
Description of additional mortality factors

At Holyport in 1981 the tagged plants were unfortun
ately mown before any of the larvae had reached 4th instar. Other natural 
causes of mortality for the 2nd to 4th instar are listed in Appendix 51.
Two new categories should be noted. Ichneumonid parasitoids, a new, but 
unknown species in the genus Hyposoter (Campopleginae) emerge from the 3rd 
instar onwards. Sometimes the larval coat and banded parasitoid cocoon are 
found on the plant, on other occasions the parasitised larva wanders off 
the plant. This genus has not been reared from A. cardamines before (Mark 
Shaw, Royal Scottish Museum, pers. comm.). Several species in the genus 
are known as parasites of butterflies, including one on Gonepteryx, but 
that species is in a different section of the genus from the Hyposoter 
reared here. Herting & Siirmonds list 2 species of Hyposoter on Pieris 
brassicae - H. ebeninus and H. vulgaris and 2 species on Pieris rapae, H. 
ebeninus and H. exiguae, but none on Pieris napi. In addition to the 
parasite, there is a true hyperparasite, Mesochorus sp. (Ichneumonidae, 
Mesochorinae), which oviposits into the larva of Hyposoter whilst the 
latter is still inside and feeding on the A. cardamines larva. Several 
species of Mesochorus are quite common. Unparasitized Hyposoter larvae 
emerged from 3rd and 4th instar A. cardamines formed a cocoon and then 
emerged 7 or 8 days after pupation. Parasitized Hyposoter larvae emerged 
from the 5th instar A. cardamines and the hyperparasite took between 9 and
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13 days to emerge frcm the Hyposoter cocoon.
At Ribblesdale, the site of greatest Hyposoter abund

ance, there was no significant difference between parasitized eggs and the 
egg population as a whole in the initial egg density per quadrat (4.2 + .6 
and 4.1 + .2 respectively) or the flowerstalk density per quadrat (1.9 + .5 
and 1.7 + .1 respectively), or the egg density per flowerstalk (1.5 + .26 
and 1.17 + .03 respectively), which means that the parasitoid is not 
aggregating in areas of high host density, nor is it using host plant 
density as a cue for host finding.

The other new category is dispersal induced by 
depletion; by the 3rd instar all the available fertile pods may have been 
eaten (particularly in cases where the buds are heavily slug-attacked after 
oviposit ion has occurred) and the larva is forced to seek food on another 
plant. 3rd instars will feed on the rosette foliage but seem less able 
than 5th instars to attack the stalk itself. A 'no food' death was 
recorded when the larva was not traced to another food plant, or where it 
transferred successfully but depleted the new plant. Hence disappearance 
between the 3rd and 5th instars could be due to an attempted transfer (not 
always associated with an absence of pods), predation/parasitism or pre- 
pupal wandering. Estimation of the proportion of larvae dying during 
dispersal is thus difficult (particularly in the case of 5th instars) and 
is dependent upon which figure is taken as the number of larvae attempting 
to disperse.

5th instar mortality is most difficult to assess, 
especially since no larvae were tracked to their pupation site (despite 
attempts at radioactive tracking, see Section 2.4.2, and the use of U.V. 
fluorescent dyes). This means that pre-pupal dispersal success cannot be 
estimated. Under lab conditions it was found that larvae under 24 mm long 
could not pupate and eventually died. In 1983 5th instars in the field 
were measured at every visit. 5th instar disappearance could then be 
divided into 4 categories: a) under threshold size i) no food remaining 
(suspected of starving to death), ii) food remaining (perhaps taken by crab 
spider or dislodged by a slug or attempted to transfer); b) over threshold 
size i) no food remaining (may have successfully pupated), ii) food re
maining (had eaten sufficient to pupate but possibly taken by a predator). 
Thus a minimum estimate of 5th instar mortality would be based on 
categories a(i) and (ii).
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Causes of mortality
The causes of mortality occurring between the 2nd and 

5th instar are depicted in Fig. 2.56.
Overall, second instar mortality is low and 82% of 

deaths are due to unknown causes. In the 3rd instar 44% of the deaths are 
attributable to known causes, the two most important factors are food 
shortage and parasitism. However at the Kissing Gate (1981) and Pond Field 
(1982) where 3rd instars were hit most severely, the disappearance is 
probably associated with the preponderance of crab spiders (which take even 
large 5th instars), and slugs, which displace the larvae from the plants 
and on occasion decapitate the larvae.

Larval mortality rises in the 4th instar. Food 
depletion and unsuccessful transfer from one plant to another is the major 
mortality factor at all sites except Holyport 1983, Rush Meadow 1982 and 
Ribblesdale 1983.

In Figure 2.57 and Appendix 54 the k-values for 3rd,
4th and 5th instars are divided into losses due to food plant depletion and 
losses to other causes. In the 5th instar only those larvae which were 
smaller than 24 mm when they disappeared are categorized as having died.
As measurements were only made in 1983, the data shown represent only the 
sites monitored in that year. The initial number of eggs is set 
arbitrarily at In (eggs) = 2.0. The hatched blocks represent the number of 
survivors in a given instar before the number dying of starvation is sub
tracted. The k-value for food depletion is the difference in height be
tween the hatched block and the open block to its right. It can be seen 
that depletion is most important after the 5th instar has been reached but 
before threshold pupation size has been attained, 76% (N = 37) of under
sized larvae depleted their host plant(s). The remainder of these 5th 
instars were either known to be parasitized or disappeared due to unknown 
causes.

d) Effe£t_of floweretalk attributesjon ^arva^survivor^ship 
This section examines the relationships between the 

attributes of the flowerstalks (listed in Section 2.2.3.2) and the larval 
instar reached. Each flowerstalk is considered only once, and so is paired 
with the instar of the oldest surviving larva in cases of multiple ovi- 
position. The preferred estimate of survival is instar reached, as the use 
of days survived is not readily interpretable without detailed data on 
microclimate and its effect on larval development rates, (for variation in
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Fig. 2.56 Histogram to show proportion of 2nd - 5th instar
mortality (percentage of total disappearence at
each stadium) resulting from assorted causes.

Key to mortalities: a)Rabbit b)Slug c)Broken plant d)Un-
successtui moult e)Bacteria f)Unknown (on plant) g)Unknown 
h)Horse i)Uprooted j)Parasitoid k)Lepidopteran competitor 
l)No food m)Drowned n)Spider a)Mole.

h b i j e k I m f 9

C A U S E  OF M O R T A L I T Y
j 9
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Fig. 2.57 Disappearance associated with food depletion -
Berkshire 1983.
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rate with temperature see earlier).
The data were analysed first using all flowerstalks (see 

Table 2.10) and second using only those flowerstalks on which larvae 
reached at least 3rd instar (see Table 2.11).

It is seen frcm Table 2.10 that there is much variation be
tween sites and years as to which of the plant attributes are significantly 
correlated with larval survival. For the Farm 1983; Rush Meadow 1982,
1983; Kissing Gate 1983 and Binfield 1981 no significant correlations were 
found between survival and any of the plant attributes. Analysis was not 
performed for Kissing Gate 1981 because so few flowerstalks were used.

Only one plant size parameter, stalk height, was positively 
correlated with instar reached (see Fig. 2.58(a)). At three sites the 
larva survived longer, the older the flowerstalk was at the time of ovi- 
position (Spearman rank correlation coefficient is given for these data).
In Pond Field survival decreased with increasing distance frcm the nearest 
hedge (see Fig. 2.58(b)). Diametrically opposite trends were observed at 
Holyport and Ribblesdale in the relationship between flowerstalks per 
quadrat and instar reached (Figs. 2.58(c) & (d)).

In the previous section it was shown how the percentage egg 
mortality increased with egg density per quadrat at seme sites, but not at 
others. Likewise the instar reached shows a variable response to increases 
in initial egg density. At most sites there is no significant relation
ship, but at Holyport 1982 larval survival was best at low egg density (see 
Fig. 2.59(a)), whilst at the Kissing Gate 1982 survival is positively 
correlated with egg density per quadrat and, similarly at Ribblesdale, 
survival is negatively correlated with the distance to the nearest egg (see 
Fig. 2.59(b)).

Host plant attributes would be expected to have most effect 
on survivorship of the later instars, as food depletion only begins to 
occur in the 3rd instar. Indeed, at Ribblesdale if all instars are con
sidered there appears to be no relationship between size of host plant and 
instar reached, but if only those host plants are examined on which at 
least the 3rd instar is reached, then all three measures of plant size - 
florets per stalk, stalk height and number of inflorescences per stalk - 
show significant positive correlations with length of survival (see Table
2.11 & Fig. 2.60a).

There was a negative correlation between the initial density 
of eggs per quadrat and survival of the later instars at Holyport 1982 (see



Table 2.10 : To show significant correlations between instar reached (all stadia) and plant attributes.

Attribute

Site

Ribb 83 Holy 82 Holy 83 KG 82 PF 82

r df p r df p r df p r df p r df p

Flowerstalks per quadrat
(1)

.191 130 .05
(2)
-.36 82 .05

Stalk height
(3)
.309 70 .05

Distance to nearest egg -.187 130 .05

Eggs per quadrat -.24 82 .05
(4)

.22 75 .05

Flowerstalk age (r ) .468 70 .05 .305 75 .05 .367 56 .01

Distance to hedge
(5)
-.286 56 .05

(1) y = 2.33 +
(2) y = 3.03 -
(3) y = -.628 +
(4) y = 1.81 -
(5) y = 2.04 -

16x (F, = 4.91, p < .05) r^
099x (FJ = 12.2 , p < .005) r:
127 (FT'70 = 7.37, p < .01) t 'Z
183x (F7' ^ = 3.82, n.s.) r^
0002x (F^ = 4.98, p < .05)

3.6%
13%
9.5%
4.8%
8.2%
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Table 2.11 : To show significant correlations between instar reached (3rd - 
pupa) and plant attributes.

Attribute
Ribb 83 Holy 82 PF 82

r df p r df p r df p

Florets per 
flowerstalk .317 70 .01

Stalk height .298 70 .05

Inflorescent
number .278 70 .05

Clump size .239 70 .05

Flowerstalks 
per quadrat -.375 35 .05

Eggs per 
quadrat -.384 35 .05

Distance to 
nearest egg

(1)
.503 14 .05

Distance to 
edge of clump

(2)
.326 35 .05

Flowerstalk 
age (rg) .503 14 .05

(1) y = 3.33 + ,0012x (F1 14 = 4.75, p < 0.5) r2 = 25.3%
(2) y = 4.19 - .015x (F± M  = 4.03, n.s.) r2 = 10.6%



179

Fig. 2.58 Relationship between stadium reached (egg to pupa) 
and plant attributes: a) stalk height (cm),
Holyport 1983 b) distance to nearest hedge (cm), 
Pond Field 1982 c) stalks per quadrat, Ribblesdale 
1983 d) stalks per quadrat/ Holyport 1982.
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Fig. 2.59a Relationship between stadium reached (egg - 5th) 
and eggs per quadrat iQ.25m ), Holyport 1982

Fitted regression equation: y = 2.92 - 0.48x, 
(F 1,83 = 4.8 p <. 05) , rx= 5.6%
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Fig. 2.59b Relationship between instar reached and dist
ance to nearest egg, Ribblesdale 1983

Fitted regression equation: y = 3.26 - .003x,
(F 1,131 = 4.68 p <.05) , rA 3.5%
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Fig. 2.60 Relationship between stadium reached (3rd instar - 
pupa) and a) number of florets per stalk, Rib- 
blesdale 1983 b) number of other eggs in 1/4 m 2 
quadrat surrounding the egg, Holyport 1982
c) number of stalks in clump containing the egg, 
Ribblesdale 1983 d) number of flowerstalks per 
1/4 m1 quadrat, Holyport 1982.

Fitted regression equations are:
a) y = 4.17 + . 04 8x F (1,71) = 7.9 P C . 01 r = 10%
b) y = 4.7 - . 2 87x F (1,34) = 5.87 p <  . 05 rx= 14.7%
c) y = 4.64 + . 118x F (1,71) = 4.3 p <  . 05 r1= 5.7%
d) y = 4.6 - .04x F (1,34) = 5.57 p <.05 ra~= 14.1%
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Fig. 2.60b). Conversely in Pond Field, survival improved with increasing 
distance to the nearest egg on a neighbouring plant.

Ribblesdale was the only site at which a positive 
correlation with plant density (clump size) was found (see Fig. 2.60c). 
Survival improved with increasing distance to the edge of the clump at 
Holyport 1982, but (rather oddly) it decreased with increasing flowerstalk 
density (Fig. 2.60d).

The general lack of correlations between plant density and 
survival of later instars is surprising, because plant density is related 
to the number of successful plant to plant transfers that can be made, as 
shown in the following section.

e) Estimates ofj^ispersal_suc£e^s_and_the_influence_o^ plant density
The estimates given in Appendix 55 and Figure 2.61 are based 

on those larvae between the 3rd and 5th instars which deplete their food 
supply and thus must attempt to disperse. Seme larvae, which disappear be
fore depleting the plant may also be attempting to transfer, possibly be
cause of reduced food quality, but this cannot be quantified, and these 
caterpillars are excluded frem the analysis. The initial estimate is of 
maximum possible success.

The category of zero transfers is subdivided between a) 
larvae which were of threshold size upon depletion of the plant (and hence 
cannot be distinguished from prepupal wanderers) - this proportion is 
hatched in Fig. 2.61, and b) larvae which were below threshold size and are 
therefore thought to have been genuinely unsuccessful.

At all sites the proportion of larvae completing at least 
one successful plant to plant transfer was greater than the proportion un
successful. The maximum number of transfers by a single larva was six, 
most of the transfers being to plants which had either been depleted by 
other larvae or slugs.

For analysis of the relationship between the number of 
successful transfers and stalk density/distance to the nearest neighbour, 
all 3rd to 5th instar larvae were included except those known to have died 
from other causes such as parasitism or predation. The category of zero 
transfers was subdivided into the earlier 4 categories (except for Binfield 
1981) and the effect of excluding the various subcategories examined (see 
Table 2.12).

When all larvae are considered, the number of transfers is 
negatively correlated with the distance to the nearest neighbouring flower-
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Fiq» 2.61 Comparison of the number of recorded plant to plant 
transfers made by the older instars at different 
sites: a) Binfield 1981 b) Rush Meadow 1983 c) Farm 
1983 d) Ribblesdale 1983 e) Kissing Gate 1983
f) Holyport 1983.

Larvae above threshold pupation size when host depleted

j jLarvae below threshold pupation size when host depleted
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Table 2.12 : To show correlation coefficients for number of transfers made by larvae and a) distance to the nearest 
neighbour and b) number of flowerstalks per quadrat.

Site Zero transfer categories NN P Eqn no. FS/Q P Eqn no. n Prob (at least 1 transfer)

Ribblesdale All larvae -.375 .01 (1) .277 .05 53 .302
Park excl. aii & bii -.380 .01 (2) .254 n.s. 48 .333

excl. aii, bi, bii -.424 .05 (3) .211 n.s. 28 .571

Holyport All larvae -.161 n.s. .478 .01 (5) 35 .257
1983 excl. aii & bii -.138 n.s. .460 .01 (6) 31 .290

excl. aii, bi, bii -.027 n.s. .422 n.s. 15 .60

Binfield excl. bii -.428 .05 (4) 23 .56

Kissing Gate All larvae -.188 n.s. .193 n.s. 20 0.3
1983 excl. aii, bi, bii -.259 n.s. .562 .05 (7) 14 0.43

Rush Meadow All larvae -.327 n.s. .252 n.s. 17 0.47
1983 excl. aii, bi, bii -.335 n.s. .197 n.s. 13 0.61

Farm 1983 All larvae -.348 n.s. .302 n.s. 23 0.65
excl. aii, bi, bii -.385 n.s. .215 n.s. 20 0.75
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Table 2.12 : Continued.

(1) y = .794 - .027x {F1,51 = 8.35, P < .01) r2 = 14.1%
9

(2) y = .837 - ,027x (F1,46 = 7.75, P < .01) r = 14.4%
9

(3) y = 1.29 - .046x (F1,26 = 5.69, P < .05) r = 17.9%
(4) In (transfers + 1) = c 4- b (In NN)

y = 1.23 - .251x (F1,21 = 11.12, P < .005) r2 = 34.6%
9

(5) y = .0257 - .067x (F1,33 = 9.77, P < .005) r = 22.8%
9

(6) y = .0654 + .065x (F1,29 = 7.78, P < .01) r = 21.2%
9

(7) y = .368 + .658x (F1,12 = 5.5, P < .05) r = 31.6%
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stalk at Ribblesdale and Binfield (p < .01 and .05 respectively) (see Fig. 
2.62a & 2.62c) and positively correlated with flowerstalks per quadrat at 
Ribblesdale and Holyport 1983 (p < .05 and .01 respectively) (see Fig. 
2.63a, and Table 2.12). There is also a positive correlation with flower- 
stalk density at the Kissing Gate 1983, when the zero transfer category is 
restricted to larvae, below threshold size which have depleted their food 
supply (p < .05) (see Fig. 2.63b).

Comparison of the lower and upper graphs for Ribblesdale in 
Fig. 2.62 suggests that a number of the larvae on isolated plants can 
actually reach threshold size without transferring to another stalk, though 
in general isolated plants are if anything smaller than clumped plants.

The last column of Table 2.12 shows the range of estimates 
of the probability of a larva making at least one successful transfer.
Fig. 2.63c & 2.62d show the relationships between transfers and nearest 
neighbour, and flowerstalk density for all sites and all larvae examined.

Finally Fig. 2.64 gives the statistics on the average 
distance that the larvae moved, the maximum distance travelled etc. These 
estimates are biased by the increasing difficulty of relocating the larva, 
as the distance frcm its original host plant increases. The maximum 
distance that any larva was found frcm its host plant was 300 cm, this was 
in tall, dense vegetation, and such movement would have taken at least ten 
hours even on short grass.

f) ^i^e_suryiyo^ship/npr_ta.lJ:_ty and s^i^ejii£ans_for_fl_werstel.k 
attributes

To see if a particular character could be used as an in
dicator of the 'goodness' of a site for the butterfly, correlation co
efficients were calculated for the proportion of eggs surviving to the 5th 
instar, the total K and the egg k-value against the means of the various 
stalk attributes for the chosen stalks. The independent assessments (frcm 
random quadrating) of mean flowerstalk density and egg density over the 
whole site were also examined with respect to the survivorship parameters. 
The means are given in Appendix 56.

The only significant correlation found was between the mean
height of chosen stalks at a site and the total K/survivorship (r = -.739
and .635 respectively, df = 8, p < .05). Clearly there is error in both
variables and Fig. 2.65 shows the 95% confidence limits for each. There

2was no relationship between egg density per m and any of the plant 
attributes. There is possibly a relationship however between the pro-
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transfers and distance to the.-nearest neighbour: 
a) Ribblesdale 1983, zero category includes all 
larvae b) Ribblesdale 1983, zero category includes 
only small larvae which depleted their host c) 
Binfield 1981, zero category includes all larvae 
except those above threshold size with food rem

aining at disappearence. ■ ■
3
Q

Fig. 2.62 Relationship between number of plant, to plant
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Fig. 2.63 Relationship between number of plant to plant
transfers and number of flowerstalks per quadrat 
a) Holyport 1983 b) Kissing Gate 1983 c) all 
sites except Binfield 1981. dL)Relationship between 
number of transfers from plant to plant and 
distance to nearest neighbour - all sites.

Fitted regression equations:
a) y = 0.0257 + 0.067x r2 = 22.8% F (1, 33) = 9.77 p<.005

b) y = 0.368 + 0.658x ri= 31.6% F(l,12) = 5.5 p<.05
NB zero transfer category includes only small larvae

which depleted their host.

c) y = 0.170 + 0.089x r2 = 15.1% f(L,146) = 25.92 p<.005

d) . y = 0.78 - 0.166x rz = 12.5% F (1,169) = 24.18 p<.005
Loge (transfers +1) = bLoge (distance to NN) + c
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Bin-Meld, Kissing Gate, Farm, Holyport, Rush Meadow, and Ribblesdale respectively, a ) The 
mean (hatched) and maximum number of moves per mover B) the mean total distance moved per 
larva (cm) c) the mean and maximum distance moved at one time (cm).

Fig. 2.64 Histograms to illustrate statistics related to plant to plant transfers by larvae at

A ) B ) C )

X 36 65 36 14 43 15
SE 10 15 7 3 2 2 3

n 11 6 12 10 10 16

190
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Fig.' 2,65a) Relationship between proportion of eggs 
■ surviving to 5th instar at a site ana' mesa

height of the chosen stalks.

PROPORTION OF 
EGGS SURVIVING 

TO 5th INSTAR 
W ITH 95% C .l.

MEAN HEIGHT OF FLOWERSTALK (cm.) 
WITH 95% C.l.

Fig. 2.65b) Relationship between proportion of eggs sur- 
viving to 5th instar and proportion of flower 
stalks infested.

% S T A L K S  INFESTED
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portion of flowerstalks infested with eggs and the proportion of eggs 
surviving to 5th instar; these results have not been tested for signi
ficance and also cause and effect cannot be distinguished (see Fig. 2.65b).

The proportion of the 3rd instar larval population which 
subsequently depleted its host plant was relatively constant at approxi
mately 30% for most sites (see Table 2.13), but was significantly higher at 
the 'Farm' (p < .05). The percentage of larvae which failed to locate a 
new host plant was about 44% irrespective of site characteristics or host 
plant density at the site.
(ii) Effect of egg density and food availability on early stadium survival
(1) Design

3 x 3  factorial with 3 replicates 
Treatment A) Levels of egg density

1) Two eggs per dish
2) Three
3) Six

Treatment B) Level of food availability
1) None
2) Little - one bud per egg
3) Excess - two buds per egg

(2) Method
Eggs and food were placed in petri dishes with a piece of damp cotton 

wool and the hatching success of eggs as well as larval mortality rates 
recorded for five days.
(3) Result:s

19% of the eggs were cannibalized as eggs (n = 99), while of the re
maining eggs, 14% (n = 80) were attacked at hatching, and of the emergent 
larvae 16% (n = 69) were later cannibalized.

There was no significant difference in the proportion of eggs that 
survived to hatching date for either the egg density or food availability 
treatments (see Fig. 2.66). Likewise, there was no significant difference 
in the proportion of the original egg complement which survived as larvae 
to the end of the experiment (Fig. 2.66).
(iii) Effect of time of larval attack on larval survivorship, Rush Meadow 

1983
(1) Deisign

Dates of attack
17, 23 and 30 May and 8 June with ten replicates



Table 2.13 : Between site variation in host plant depletion and failure to find a new host plant

Site No. of larvae 
entering 3rd instar

% depleting 
host plant

95%
C.I.

No. of transfers 
attempted

% failure to 
locate new plant

95%
C.I.

Binfield 38 60.5 42-75 23 43 23-64

Farm 25 80.0 59-93 20 25 8-49

Ribblesdale 80 34.8 24-47 28 43 25-62

Holyport 45 33.3 19-48 15 41 17-69

Rush Meadow 83 17 29.4 9-56 19 47 24-70

Kissing Gate 83 3 33 10 40 12-74
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Fiq. 2.66 Histoqrams to show variation in a) mean proportion 
of eggs surviving to hatch date (untransformed with 
pooled S.E.) b) mean proportion of larvae surviv
ing a further 5 days (untransformed) with differing 
egg density and food availability.

a)

Analysed using a 2-way AtfOVA on arc-sine transformed data.

a) For egg density F(2,18) = 0.21, NS, for food availability 
F(2,18)= 1.48, NS, and for interaction F(4,18) = 0.72,NS.

b) For egg density F(2,18)= 0.01, NS, for food availability 
F(2,18)= 0.17, NS, and for interaction F(4,18) = 0.44,NS.

EGG DENSITY FOOD AVAILABLE
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(2) Method
Each week a random selection of 10 flcwerstalks received one 1st 

instar larva. The phenological state of the stalk was noted and the pro
gress of the larva monitored every one or two days.
(3) Re£ults_

There was no significant difference between survivorship of larvae in 
the different treatments (see Fig. 2.67a), though mean survivorship was 
higher in weeks 2 and 3 than at other times. Of the eggs laid naturally in 
Rush Meadow 68% (N = 22) hatched on or after the 8 June. Mean longevity 
for those larvae emerging prior to 8 June was 24.6 + 1.8 days (N = 7) and 
for the week after the 8 June was 12.5 + 3.4 days (N = 11). Thus while 
eggs might have been laid and successfully developed earlier in the season 
but for the constraints on adult emergence and flight, it appears that 
larval survivorship was in decline towards the end of the experimental 
period, both for the natural and experimental animals.

Effects of plant attributes on larval survival
Correlation of the instar reached with the attributes of the 

initial host plant gave a significant correlation with stalk height, r = 
.318 (df = 38, p < .05; see Fig. 2.67b). The number of days a larva 
survived was significantly correlated with both stalk height and number of 
florets per stalk (r = .357 and .337 respectively), but temperature (and 
hence development time) differences experienced by the larvae in the 
different weeks complicate interpretation of this relationship compared 
with that obtained when instar reached is used.
(iv) Observations on larval movement
(1) Method

A) Effect of larval instar on distance moved
(1) Well-fed 3rd, 4th and 5th instars (4 replicates each) were 

observed for 15 minutes per larva in short grass by the Lily 
Pond, Silwood Park. The larva was observed from above through a 
string grid so that distance moved and speed could be estimated 
with the aid of a tape recorder running in real time. The 
amount of time spent stationary and in turning and the net 
distance moved over 15 minutes were also recorded.

(2) The experiment was repeated for hungry 5th instars but without 
the tape recorder, distance travelled between turns, number of 
turns and net distance travelled were measured.

(3) Four hungry 5th instars were observed for 5 mins, each on
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Fig. 2.67 Results of Rush Meadow Experiment 1983: -
3) Effect of date of larval attack on the mean 
number of days survived thereafter by larvae in 
the field (+ S.'E.l
b) Relationship between instar reached and stalk 
height (cm) of host plant.

x  d a y s  s u r v i v e d 7 . 9 1 5 . 6 1 5 . 5 6 - 4
S . 2 . ---- 275 i . b 5 . 1 . 2
M e d i a n  i n s t a r  r e a c h e d 2 J . b 2 2

Analysed using 1-way ANOVA, F(3,30) = 2.73, NS (F-2.9, p<T. 05)

b) Fitted regression equation is: y = 0.336 + .065x 
rZ = 10.1%, F (1,38) - 4.29 p<.05

21 56



1 9 7 .

linoleum.
B) Movement by pupating 5th instars

Three 5th instars ready to pupate were released 180 cm from a 
hedge and their behaviour observed for two hours and 20 mins. A further 
three were placed on branches in trees and observed for an hour and half. 
(2) Results_

A) (a) Appendix 57a summarizes the results of five 1-way ANOVAs on 
various aspects of larval movement. The total distance moved by larvae 
increased significantly with age (see Fig. 2.68), estimates of distance 
(cm) moved per hour on short grass are 20.52, 43.8, 86.2 for 3rd, 4th and 
5th instars respectively. The distance between the starting point and 
position at the end of the experiment (net distance moved) again increased 
significantly with instar and was between a third and a quarter of the 
total distance moved: 5, 14.4 and 29.6 cm per hour respectively. The 
number of changes in direction (a deviation of more than 45° from the path 
being followed) does not vary significantly with instar (see Fig. 2.68) but 
the mean distance travelled between turns does increase significantly with 
age. Mean speed of the different larvae is calculated over the active 
periods only, i.e. it is not total distance moved/900 secs. Roughly, speed 
doubles with each instar (Fig. 2.68).

The maximum distance or rate for each instar is given below the 
mean in the table and as an unhatched block on the graph.

(b) There was an increase in total distance moved and net distance 
moved as hunger increased, and turning increased slightly with hunger, as 
did the mean distance travelled between turns, but none of these trends 
were statistically significant (see Appendix 57b).

(c) Assuming that larvae could sustain the rate observed during the 
5 minute experimental period, then the estimated speeds for hungry 5th 
instars on smooth linoleum were: 264, 270, 672 and 288 cm per hour. These 
figures also represent net distance travelled, as the first two larvae did 
not turn at all, the third turned once and the last twice.

B) Estimates of distance moved per hour by the larvae on the ground 
were: 80, 78 and 97 crns, values similar to those estimated for the younger 
5th instars on short grass. In 2 of the 3 cases, however the movement of 
the pupating larva was much more directional, and estimates for net move
ment were 60, 63 and 14 cms per hour (cf. 29.6 cm for well fed 5ths). The 
turning rate for the pre-wandering phase 5ths was 36 turns per hour, but 
was only 2.6, 3.9 and 7.6 turns per hour for the wandering larvae. If
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Fig. 2.68 Effect of larval ins-tar on a) the total distance
moved (cm) by individual larvae in 15 mins b) num
ber of changes of direction in 15 mins c) speed of 
movement (cm sec larva ) .

7777 untransformed mean with S.E. (n = 4 for 3rd instar, 
n = 5 for 4th and 5th instar)

A)

C)
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movement is divided between three directions, away from the hedge, parallel 
to the hedge and towards the hedge, then 84%, 91% and 54% of the distance 
moved is towards the hedge.

The mean speed of movement during active periods was similar to the 
younger 5ths i.e. .032 cm/sec, but the maximum speed observed (0.09 cm/sec) 
was less than in the short grass experiment.

The larvae placed on the tree branches gave no clue as to the 
pupation site. They moved mostly inwards toward the trunk of the tree.
The maximum observed speed was 0.037 cm/sec.
2.3.3 Discussion
(i) Functional response

A primary concern of any plant-herbivore study is to determine the 
shape of the functional response curve and the asymptotic rate of food in
take. This relationship will vary according to larval body size, physio
logical condition, food quality and temperature. The relationship is more 
complex than a predator-prey response, because the plant can continue to 
grow whilst it is being eaten, and true feeding rate can thus be under
estimated in the absence of control treatments to measure plant growth 
rate. Even using controls, calculated feeding rates can be negative (see 
Fig. 2.44).

Initially an attempt was made to determine the functional response of 
the later instars using variable numbers of flowerstalks in the insectary, 
thus simulating the field situation as closely as possible (see 2.3.2.1 
ii). This approach had several disadvantages. First, the time scale of 
the experiment had to be relatively long (5 days), in order that food was 
actually limiting at the lower stalk densities. Second, a few larvae had a 
tendency to wander off the plants. Third, by chance, the highest stalk 
density pots, had fewer pods than the next highest stalk-density I Basic
ally the problems arose because the scale of the experiment was wrong. The 
results of the experiment were finally analysed in terms of pods eaten, 
rather than stalks eaten. However even the pod is not an entirely satis
factory unit to use. It has the advantage that observed feeding rates from 
the field can be readily compared with those from lab studies, but the dis
advantage that variability in pod size may increase apparent variability in 
feeding rate, where no real variability in intake of dry matter exists.

Subsequent functional responses were therefore assessed using larvae 
in petri-dishes feeding on a given weight of pods. Body size is an 
important determinant of feeding rate, and the functional response at 20°C



2 0 0 .

was estimated for all instars. The stalks of the pods were partially 
covered with damp cotton wool to prevent dessication and this creation of a 
'refuge' explains why all five functional responses were Type 2 rather than 
Type 1. The Ivlev (1961) model was fitted to estimate maximum feeding rate 
(a) and searching efficiency (b). The initial linear increase in feeding 
rate with increasing food availability as seen in the Type 2 response, 
eliminates the possibility of a second stable equilibrium (at low plant 
density and with fixed herbivore numbers) which can occur when the 
functional response is of Type 3 (Southwood & Ccmins, 1976; Hassell et al., 
1977). The stability of the Ivlev model is influenced by the searching 
efficiency of the larva, which determines whether food intake rises slowly 
with increasing food availability (i.e. intake is a function of avail
ability) or whether intake rises rapidly to the asymptote and is effect
ively independent of availability. In the majority of instars intake does 
rise sharply, but in the 1st instar the rise is more gradual, this probably 
reflects the fact that in an arena of constant size (the petri-dish), 1st 
instars are relatively less mobile due to their size and thus travel time 
is longer.

There is an interesting tendency in all the functional responses (both 
in the petri-dish and insectary experiments), for increased variance in 
feeding rate, once availability reaches the threshold for maximum intake. 
This tendency was also found by Islam & Crawley (1983) for Tyria jacobaeae. 
Ivlev (1961) suggested that animals are more selective when food density is 
high rather than low, but it is difficult to attribute a cause to the 
selectivity in this particular case - variation in food quality is an un
likely explanation.

Maximum feeding rate estimated for 4th/5th instars placed on flower- 
stalks at 17°C was 4 pods per day, or converted to dry weight 61.2 mg (mean 
pod weight = 15.3 mg). This figure is in close agreement with the estimate 
for 5th instars made from the petri-dish experiment at 20°C (62 mg dry 
weight per day), thus movement from pod to pod within a stalk appears to 
have very little effect on the estimate for the mobile 5th instars.

Feeding rate increased over ten fold (frcm 5 mg to 62 mg per day) as 
the larvae progressed from 1st to 5th instar. Expressed in terms of body 
weight (W), food intake rises with , this exponent is higher than the
average of 0.8 for other phytophagous insects (Schmidt-Nielsen, 1979). 
Overall at 20°C the 1st, 2nd, 3rd and 4th instars eat 2.8, 2.0, 4.2 and 27% 
respectively of the total food consumed, whilst the 5th instar eats 64%,
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this is comparable with 75% in the final instar for T. jacobaeae (Islam & 
Crawley, 1983), 85.3% and 50% for 5th instar P_. rapae (Parker & Pinnell, 
1973; Rahman, 1970 respectively). Cue to the proportionally greater impact 
of 5th instar feeding on the plant, further feeding studies concentrated on 
this instar alone. The great variance in feeding rate with instar means 
that it is crucial to determine the shape of the larval survivorship curve, 
if any attempt is to be made to predict feeding damage from egg infestation 
rates.

The effect of food availability on fecundity is discussed in Section 
2.2.1.3; the effect on development rate has not been examined and would be 
an interesting subject for further study.
2.3.3.1 Effeet_of Environmental Factors

Temperature affects not only the daily rate of food intake, but also 
life-time food consumption and the efficiency with which food is converted 
to pupal weight (and thereby egg complement).

Between 10 and 30°C, 5th instar A. cardamines larvae increased their 
daily intake 6 fold (frem 12.6 + 5.4 mg to 71.7 + 5.2 mg dry weight), 
whilst development time decreased 4 fold (from 66 days to 15 days) over the 
same temperature range. Thus overall total food consumption rose with 
temperature (see Table 2.8), but as pupal weight (and hence potential 
fecundity) decreased (see Fig. 2.56), it appears that efficiency of food 
conversion declined with temperature. I can offer no explanation for the 
anomalous weight at 30°C.

At the highest temperature examined (30°C) there was seme indication 
that development time was again increasing, and indeed at 35°C eggs became 
heat sterile and failed to develop at all. The temperatures normally 
experienced by larva in the field are 5 to 10°C lower than the temperature 
required for minimum development time.

High temperature and shortened larval development time do not directly 
influence the numerical response of A. cardamines (since the insects are 
strictly univoltine), but through shortened exposure to predators they may 
increase the number of larvae surviving to eclosion, and hence the rate of 
increase of the population. On the other hand, if a temperature change 
brought about an asynchrony between the development rates of butterfly and 
host plant, survival and hence numbers of butterflies might decrease.

A useful relationship between maximum body length and pupal weight was 
uncovered during the course of these temperature experiments (see Fig. 
2.56c). Average pupal weight obtained in the field can thus be estimated,
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(it is 111.8 mg wet weight, n = 95), and compared with the pupal weight of 
138 + 7 mg wet weight calculated for those individuals who survived 
through to adults (estimated frcm wing breadth measurements). These 
results suggest two things: 1) that the threshold size for pupation in the 
field is higher than observed in the stress-free lab experiments; and 2) 
that there may be an increase in pre-pupation dispersal success and over
winter survival with increasing larval size attained.

It was ambiguous frcm the experiments whether low temperature (10°C) 
per se actually killed a number of larvae, or whether it just increased 
their susceptibility to disease. The interaction between cold stress and 
biotic mortality factors is suspected frcm a number of studies, yet the 
details remain poorly understood.

Rainfall did not have an important direct effect on the mortality of 
immatures. Only 1.8% of egg deaths and 3rd instar deaths were caused by 
drowning. In Courtney's study overall 2% of immature A. cardamines 
drowned, but this was mostly due to host plants collapsing into a river 
(Courtney & Duggan, 1983)! Dislodging due to heavy rainfall was also un
important in this study and larvae placed on plants in the field prior to 
hailstone showers were still in position afterwards. Whilst feeding, the 
older larvae particularly, tend to attach themselves to the plant by 
spinning an extensible thread. Courtney (1980) also observed that A. 
cardamines larvae were highly tenacious, even when confronted with a 
thunderstorm. In the three years of study, the C. pratensis host plants 
were never seen to suffer from drought stress at any of the study sites 
through a combination of the wet meadow conditions and the wet spring 
weather. This is in contrast to the study of Wiklund & Ahrberg (1978), 
where host plants on the top of hillocks dessicated and the larvae were 
forced to disperse.
2.3.3.2 Effect__of Plant Related Factors
(i) Effect of nutrients, secondary chemicals and plant part

These chemicals obviously vary most widely between different host 
plant species, and Courtney (1981a) found that A. cardamines larvae con
sistently showed reduced survival, produced smaller pupae, took longer to 
pupate and were later more susceptible to bacterial attack, when feeding on 
Barbarea vulgaris as compared to other Crucifers, because of its unsuitable 
chemical composition. The negative correlation between development time 
and pupal weight observed in the temperature experiments (see Fig. 2.49) 
does not occur between host plant species, yet is observed with larvae fed
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on artificial diet, when development is slower but pupal weight higher. 
Temperature variation causes a greater range of variability in development 
time than is caused by feeding on different host plant species. Courtney 
(1981a) noted a significant difference in development rate for larvae on A. 
petiolata in different years due to variable ambient field temperature, and 
Wiklund & Ahrberg (1978) observed more rapid larval development on dry 
hillocks than in meadows due to higher insolation. On the other hand, the 
ranges of pupal weight which result frcm different food plants and 
different temperatures are similar.

Several authors conclude that the effective differences in physio
logical suitability between the majority of Crucifers are small, and 
switches can be made between host plant species with no long term effects 
on larval growth and development (Wiklund & Ahrberg, 1978; Courtney, 1981; 
Salmon & Courtney, 1983; Ratnieks, pers. comm.). This might reflect great 
similarities in secondary chemical composition between Cruciferous species 
(this is relatively well documented e.g. Vaughan, Macleod & Jones, 1976; 
Chew & Rodman, 1979, Rodman & Chew, 1980), or the possession of a broad 
spectrum of detoxifying enzymes by the larvae. Likewise, nutritional 
differences between host plant species may be truely small, or may appear 
small due to compensatory increases in larval feeding rate when nutritional 
status is low. This topic warrants further investigation.

This study concentrated on intraspecific differences in host plant 
quality rather than interspecific ones. One of the central questions was 
whether host plant quality varies between individuals to the extent that 
there is a detectable difference in host suitability for larval survival. 
There was no overall difference in the survivorship rate of larvae to pre
pupation dispersal on flowerstalks chosen and not chosen by ovipositing 
females, evidence perhaps that there is little chemical difference between 
the two classes of plants. However death due to non-feeding in the 1st 
instar and disease was greater on non-chosen plants. Also the fate of a 
larva on a given plant one year appears to be a predictor of how further 
larvae will fare in future years (though this could be an effect of 
location rather than quality) (see 2.2.3.2. x). Furthermore, larvae some
times vacated plants which still had plenty of pods in favour of another 
plant. Clearly there is scope for investigation of chemical differences 
between individual plants and particularly between chromosomal races.

There appeared to be no chemical difference between early flowering 
stalks and late flowering stalks at least in so far as it affected larval
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survival (see Fig. 2.67a).
Several Cruciferous species show marked differences in the chemical 

composition of their parts. For example although the pods of Capsella 
bursa-pastoris are suitable as larval food, the foliage is not (Ratnieks, 
pers. ccmm.). Chemical analysis of Cardamine cordifolia demonstrated that 
glucosinolate composition varied not only between the plant parts, but with 
part according to site and phenology, and that herbivore feeding varied 
accordingly (Louda & Rodman, 1983a, b; Rodman & Louda, 1984). A. 
cardamines does not show such a part specific response, it can eat the 
leaves as well as the siliquae of the majority of its hosts (Ratnieks, 
pers. ccmm.), though Courtney (1980) found for larvae fed on A. petiolata 
survivorship was highest on the siliquae, then the flowers and then the 
leaves. The literature always infers that the foliage is the part least 
preferred by A. cardamines and is only eaten as a last resort. Wiklund & 
Ahrberg (1978) categorically state that the larvae leave the plant rather 
than feed on the foliage, and Courtney (1981a) reports that on senescing as 
compared to young A. petiolata 50% (n = 48) rather than 97.9% (n = 141) of 
larvae continue to feed on the siliqua, 25% rather than 0.7% transfer to 
the leaves and 25% rather than 1.4% leave the plant. However for non- 
senescent C. pratensis plants at Ribblesdale, 87.5% (n = 8) of the sight
ings of 2nd-4th instar larvae on the cauline or rosette foliage occurred 
prior to pod depletion. For the 5th instar only 25% (n = 12) of the sight
ings on foliage occurred whilst pods still remained. It is possible that 
early instar foliage feeding is a means by which pod development is allowed 
to advance and synchronize with larval development before serious feeding 
starts, (assuming that larval development occurs at a slower rate on the 
foliage than would have occurred on the more nutritious pods). In these 
circumstances, foliage may sometimes be "preferred".
(ii) Effects of other plant factors

Courtney (1981a, b) found that larvae feeding on the older, tougher 
siliquae of A. petiolata suffered higher mortality and had a greater 
tendency to change to foliage feeding than larvae on younger pods. £. 
pratensis pods also became quite tough and less acceptable as they 
approached senescence. In the functional response experiment using whole 
f lowers talks, fewer pods were eaten for a given pod density in the older 
stalk treatment than in the young stalk treatment. The effects of this 
reduction in feeding on larval growth were not monitored. At three field 
sites larval survivorship actually increased the older the flowerstalk at
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oviposition, probably because whole stalks are more vulnerable to rabbits, 
birds etc. whilst in flower, and hence the longer the egg/larva spends on a 
flowering stalk the greater the risk of death. Thus the relationship does 
not contradict the finding that younger stalks are more edible. The effect 
of plant size on larval growth and survival is often overlooked, but may 
nevertheless be important.

Larval survival might be expected to be higher on larger plants for 
several reasons. First, in circumstances where intraspecific plant com
petition is intense, small plants suffer the highest mortality rate 
(Crawley, 1983), which may result in a concomitant decrease in the 
survivorship of larvae on small plants. Second, the smaller the plant the 
more probable that it will be depleted before completion of larval growth, 
hence the risk associated with the larva transferring to a new host is 
introduced. Third, taller plants may reduce the accessibility of larvae to 
predators. This study suggests that the second and third points are both 
true for A. cardamines.

Wiklund & Ahrberg (1978) categorized the host plant species into size 
classes according to how often larvae had to leave the original host plant 
to search for a new one. C. pratensis fell into the category where few 
larvae had to leave. In contrast, in the present study at least one third 
of all the larvae entering the 3rd instar at each site subsequently 
depleted their original host plant prior to completion of larval develop
ment (see Table 2.13). At the 'Farm', where larval density per unit area 
was high up to 80% of the larvae depleted their host, though in many cases 
this was not necessarily because the host plant was small, but often due to 
secondary invasion by older larvae. Although success at transferring from 
one plant to another was fairly high (approximately 60%), host plant 
depletion was nevertheless a major mortality factor, often because the 
'new' plant had been denuded by slugs, so that yet another transfer was 
necessary (see Fig. 2.63).

Stalk size, was one of the few plant attributes that was positively 
correlated with larval stadium survived within a site. It was also 
correlated with mean larval survival between sites - this requires explan
ation since a relatively constant proportion of the egg-bearing C. 
pratensis host plants seem to be of a suitable size for completion of 
development at the sites examined. By implication, the other 40% of the 
chosen stalks at the different sites must vary considerably in size in
order to produce the be tween-site height gradient - as mean height per site
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decreases, variance in size must increase (as a constant proportion of the 
stalks will always be above the threshold size), this is observed. At 
first it might seem that egg survival varies with mean height because the 
larger the stalk the greater the size reached by a feeding larva before 
transfer, but contrary to expectation (and the findings of Rausher & Papaj
(1983) for Battus philenor), the size of the original host plant (and hence 
the dispersing larva) does not seem to influence the rate of successful 
transfer (transfer rate is a constant, age at transfer is not). It there
fore appears that either the mean height of chosen stalks at a site is in
dicative of the quality of secondary hosts (i.e. more than two hosts may be 
necessary) or that intraspecific variation in plant height can influence 
arthropod predation/interspecific competition.

It is a mystery why C. pratensis stalk height is a better predictor of 
available plant resource than either of the alternative measures of plant 
size - number of florets and number of inflorescences. Courtney (1981a) 
found no relationship between the survival of A. cardamines and the number 
of inflorescences on an A. petiolata host, but this is to be expected since 
a single plant provides ample food. Thus depletion is not a problem, and 
though there is seme variance in plant height, most plants are of 
sufficient height to deter ground dwelling predators (with the exception of 
spiders).

Though no intraspecific host plant size effects are apparent from 
Courtney's work, comparison of the larval survivorship data he gathered for 
larvae on A. petiolata, Hesperis matronalis, Brassica rapa and Barbarea 
vulgaris, with the data collected here for C. pratensis, proves in
teresting. In Durham the egg loss on the taller Crucifer species is low, 
whilst 1st and 2nd instar losses are high due to host plant defences 
(Courtney, 1981a). In contrast, on the shorter C. pratensis egg losses due 
to interspecific competitors and possibly arthropod predators are high and 
most early instar losses are attributable to these factors rather than to 
starvation. Feeny (pers. ccmm.) has suggested that plant chemical defence 
may sometimes be related to the extent of predator attack upon the plant's 
herbivores. It may be that the taller Crucifer species generally have more 
defence chemicals, because their herbivores are less accessible to ground 
dwelling arthropod predators and could potentially cause greater damage.

The effect of shaded and unshaded plants on larval growth and survival 
has not been considered in this study, as virtually all the larvae studied 
occurred on host plants in open and unshaded meadows. The C. pratensis
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stalks found growing in woodland tended to flower before the A. cardamines 
oviposition period and were usually very spindly with few florets. These 
shaded plants would have necessitated larval dispersal to several further 
stalks in order to complete development.

The position of the host plant, in relation to the edge of the patch 
and the hedge, appeared to have no effect on pre-dispersal larval mortality 
(except at the Pond field site). This is perhaps to be expected, as the 
likely advantage which is to be gained frcm laying near a hedge probably 
acts post-dispersal, and probably lies in the reduced distance that the 
pre-pupal larva has to travel in order to reach a pupation substrate that 
will endure the winter (e.g. the hedge).
(iii) Effects of plant density and distribution, larval dispersal and host 

plant perception
Field observations showed a positive correlation between larval 

survivorship and plant density at Ribblesdale, a negative correlation at 
Holyport and no correlation at other sites (see Table 2.10). This does not 
mean that there is no relationship between larval survival and plant 
density, merely that a complex of interactions contribute to the overall 
larval mortality rate and that to expect a consistent relationship with 
plant density frcm site to site is asking too much. For example, though 
success in transferring from the original plant to a new host is relatively 
constant, the number of subsequent successful transfers (which are 
frequently necessary) is positively correlated with flowerstalk density, 
and would therefore be expected to contribute a positive correlation (see 
Fig. 2.67). Obviously there is also a threshold distance between host 
plants beyond which larvae cannot successfully traverse, and this varies 
according to substrate, age, hunger state and starvation tolerance.
Courtney (pers. ccmm.) has observed A. cardamines larvae to transfer be
tween plants up to several meters apart when the intervening substrate is 
stony. Wiklund & Ahrberg (1978) assumed in their study that distances 
greater than 10-15 meters between host plants would result in larval 
starvation. In this study the greatest distance successfully transferred 
between plants growing amid dense vegetation was 120 cm in just under than 
2 days. The laboratory experiments (see Section 2.3.2.2) demonstrate how 
turning increases and speed decreases with increasing habitat complexity. 
Nevertheless in the field individual larvae can withstand at least three 
days without feeding and plants within a 3 metre radius (even in dense 
vegetation) are certainly potentially accessible.
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The greatest cumulative distance moved in a series of transfers by a 
single larva was 241 cm, but the average distance moved in single transfers 
ranged between 10 and 20 cm (see Appendix 57). This falls within the per
ceptual distance for Pierid larvae proposed by several authors (Hovanitz & 
Chang, 1963g; Jones, 1977b).

The interaction between larval age and mobility probably fails to in
fluence the relationship between larval mortality and plant density; 
although speed of travel roughly doubles with instar there is no evidence 
(from a crude analysis) that the age composition of the dispersing larval 
population influences the overall transfer success rate. Controlled 
experiments (see Section 2.3.2.2) indicated that hungry larvae tended to be 
more directional in their movement, but the degree to which this influenced 
host plant finding in the field was not determined.

How does flowerstalk density per se influence larval survival and 
mobility? Contrary to Ivlev's (1961) suggestion that animals might be more 
choosey when food is abundant, in the insectary experiments (2.3.2.1 ii) 
stalk density was not important in influencing larval attack rate, but in 
the 1981 Pond Field experiment differential damage levels were observed be
tween plant density treatments. However these differences might have been 
attributable to either variable flowerstalk density or variable larval 
density (larval numbers were held constant at one larva per stalk). To 
distinguish the cause we must compare the results of the Pond Field experi
ments in both 1981 and 1982. If just those stalks which received larvae in
1982 are analysed, initial larval density per stalk becomes 1 and larval 

2density per m varies in a similar manner to 1981. Thus larval density per
m (acting through interference or increased predation risk) would be the
inferred determinant of damage levels, if the results were consistent for a
given larval density between years, whilst inconsistency would suggest that
the change in plant density was the important factor (perhaps through the
way it affected encounter rate with competitors like slugs). In 1982 stalk

2weight and length remaining at high larval density per m were signi
ficantly less than at low density (see Appendices 41 & 42), in contrast to 
1981 when remnant stalk weight and length were higher at high larval 
density per m^.

Thus the combined results of the two Pond Field experiments suggest 
that there might be an indirect effect of plant density on larval survivor
ship at sites where competition with slugs is intense, as the slugs tend to 
aggregate in areas of high stalk density (see Appendix 74 & Fig. 3.37) and
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oust the larvae on these stalks more frequently than larvae on solitary 
stalks.

Though available evidence is limited, stalk density did not appear to 
affect the rate at which the parasitoid Hyposoter located A. cardamines 
larvae.

To summarize, it appears that at sites where slugs are not abundant 
e.g. Ribblesdale, the relationship between transfer success and plant 
density is the dominant subcomponent in the larval survivorship/stalk 
density relationship, and thus results in a positive correlation between 
the two. At sites where slugs are important e.g. all the Silwood Park 
sites, the differential interaction with these competitors at different 
stalk densities may partially cancel out the benefits of a larva developing 
in a high density patch, and hence could explain the apparent lack of 
correlation between larval survivorship and plant density at a number of 
the sites. However, the negative correlation at Holyport remains un
explained as slugs were not important there. Stalk density should perhaps 
not be considered in isolation from plant distribution, though the distri
bution of flowerstalks (sparse or aggregated at a given density) did not 
have any obvious effect on larval survival in the 1981 Pond Field experi
ment. The type of plant community within which the C. pratensis population 
is dispersed (i.e. Juncus or grass dominated) may cause indirect plant 
density effects due to associated differences in predator diversity/search 
behaviour, but these have not been adequately quantified for comment other 
than to point out that the Juncus communities tend to support a greater 
abundance of slug competitors.
2.3.3.3 Effects of_Compet.ition
(i) Effects of interspecific competition

The most abundant "large" competitors were slugs and rabbits, both 
being responsible for a similar number of "direct" deaths, though the 
pattern of mortality differed. Rabbits tended to eat only stalks which 
were in bud or flower, thereby killing only eggs, 1st or 2nd instars. At 
very wet sites rabbit feeding occurred around the drier edges of the site, 
and was therefore often concentrated on single flowerstalks. In contrast 
as discussed in the previous section, competition between A. cardamines and 
slugs was most intense in high density patches of flowerstalks. Slug com
petition took several forms: eggs and very early instars sometimes became 
suffocated in slug slime or were rasped off the plant during slug feeding; 
older larvae were often knocked off the plant by the larger slug and in one
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instance a larva was observed to be decapitated during such an encounter; 
but perhaps the most important and also most difficult effect to measure 
was the amount of feeding damage done to C. pratensis host plants which 
would otherwise have served as good secondary hosts for dispersing larvae. 
Unlike rabbits, the direct and indirect mortality caused by slugs occurred 
throughout the development period of A. cardamines.

Philaenus competition was much less important by comparison and 
affected only the very early instars. Other macro-lepidopterous larvae 
were likewise of minor importance, and A. napi was only found to co-occur 
with A. cardamines once in three years.

Numerically Ceutorhynchus weevils and Adela rufimitrella occurred on 
C. pratensis in equal if not greater abundance than the slugs, but they had 
no apparent effects as carpetitors - A. cardamines had no feeding prefer
ence for non-infested pods.
(ii) Effects of intraspecific ccmpetition

In the 1982 Pond Field experiment (Section 2.3.2) larval density was
substantially raised over and above the highest naturally-occurring egg

-2density observed in the field (the equivalent of 40 larvae per metre at
the Farm), nevertheless potential larval antagonism produced no difference

_2in the number of days survived by larvae at densities of 3 larvae/0.25 m
-2and 10 larvae/0.25 m . Neither did the frequency of encounter with other 

larvae produce any detectable increase in time-wasting behaviour i.e. a 
difference in the mean distance moved per larva per day at the two 
densities. Two or three 5th instar larvae seemed able to feed simult
aneously on the same stalk, even when this had only one or two branches.
The story at the Farm however proved slightly different. High larval 
density in a relatively isolated patch of flowerstalks led to intense 
scramble type competition and larvae which transferred to further hosts 
frequently found these already totally stripped of pods. Such occurrences 
are probably relatively frequent in nature given that dispersing females 
tend to "dump" more eggs than can be supported on isolated clumps of host 
plants. Intraspecific competition may thus restrict the spread of butter
fly populations from one area of high plant density to another by lowering 
survivorship in the intervening stepping-stone patches.

There was weak evidence from the insectary experiment (Fig. 2.46) that 
a reduction in feeding rate could occur at high larval density (if this had 
not already led to dispersal), though this did not occur in the field, 
where other factors were dominant (i.e. interspecific ccmpetition).
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Careful field observations suggested that the timing of egg disappear
ance was often such that it could not be explained by cannibalism. 
Furthermore in petri dish experiments the same proportion of eggs/larvae 
were cannibalized irrespective of initial egg density, suggesting that if a 
female has no choice but to lay multiple eggs, then the more eggs she lays 
per plant the more progeny will survive - at least initially. Field 
evidence however suggests that for each extra egg added per flowerstalk, 
death is 1.27 times more likely (see Section 2.3.2). Hence cannibalism is 
not necessarily the cause of the density dependent egg mortality observed 
in this study nor that reported by Courtney (1980).
2.3.3.4 Non-Plant Induced Mortality 
(i) Predators

By far the largest mortality category for all instars is the "unknown" 
class. The increase in mortality with egg density per flowerstalk in the 
field, and the lack of relationship in the laboratory, together with the 
egg disappearance due to unknown causes prior to hatch date suggests that 
predation rather than intraspecific ccmpetition/cannibalism is the cause at 
least in the egg stage. The chief suspects are arthropod predators, and 
perhaps more specifically an opportunist predator hunting by visual cues 
from the air - a ground based predator is unlikely to pass over single eggs 
once it has climbed a flowerstalk in search of food, and hence its mode of 
search would not explain the greater mortality risk to eggs at higher 
density per stalk. It might be expected that even an airborne predator 
would concentrate its search in areas of high egg density per quadrat, but 
GLIM analysis of variance showed that this was not so.

It is quite likely that similar egg densities per quadrat may not be 
comparable, either at different sites or from year to year. Ttoo factors 
might contribute to this inequality: first the surrounding vegetation 
structure will differ and may affect the apparency of the eggs to 
predators; second the predator population at different sites may differ and 
hence affect the pool of predators available to aggregate at any given egg 
density. This in turn must reflect in different mortality rates for a 
given egg density. The analysis did indeed show that site and year contri
buted more to the variance than egg density. It is plausible that where 
"effective" egg density is difficult to quantify (e.g. the diffuse distri
bution around any given plant) for reasons such as vegetational diversity 
etc., the assessment of the relationship between density and predation 
appears less tight than when readily assessable units (e.g. eggs per
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flowerstalk) are involved.
The role of predation in the dynamics of A. cardamines certainly needs 

to be investigated further and the mortality agents at the different stages 
identified. Predation/ccmplete disappearance was a much more important 
factor in the Berkshire populations than in Courtney's Durham populations, 
where egg mortality was low, 1st and 2nd instar mortality was due to host 
plant defences, and 3rd to 5th instar mortality was again low. Whether the 
difference in the height of the host plant species concerned does affect 
predation as previously postulated or whether there is simply a difference 
in the predator pool (for example the airborne predator may be absent in 
the North, which might explain lower egg loss) remains to be discovered.
(ii) Parasites

As with predators, the role played by parasitoids as mortality agents 
of A. cardamines is largely speculative. Parasitized larvae usually 
wandered away frcm the plant before parasitoid emergence, the only tell
tale signs of parasitism being a reduction in length or paling in colour of 
the larva. Unfortunately the desire to measure maximal plant damage caused 
by 5th instar larvae conflicted with the need to lab rear field caught 
larvae frcm the 3rd instar on in order to measure rates of parasitism.

In contrast to Courtney's study (1980) where parasitism caused most 
mortality in the pupal stage, parasitism in Berkshire killed larvae frcm 
the 3rd instar onwards, and was thus a further factor contributing to the 
difference in shape between the northern and southern survivorship curves. 
Parasitism may also have resulted in slightly less damage to individual 
host plants, but this is unlikely to have a significant effect at the pop
ulation level because attack rate is so relatively low. The very small 
sample of larvae kncwn to have been parasitised, gave no hint of an 
aggregative host finding response by the parasitoid, nor of host plant 
density being used as a cue for host plant finding.
(iii) Disease

Disease diagnosis in the field is not easy. Viral infection leaves 
the larva intact until prodded, but extremely flaccid, and often yellow in 
colour, whereas bacterial disease generally leads to blackening and dessi- 
cation. Frequent visits are needed to distinguish between primary 
bacterial infection, and secondary infection following death frcm seme 
other cause. As with parasitism the number of disappearances which 
resulted frcm disease cannot be assessed.
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2.4 THE PUPAL STAGE
2.4.1 Introduction
2.4.1.1 Diapause

A. cardamines, unlike the other British Pieridae, is a univoltine 
species with an obligatory diapause and spends 9-10 months of the year as a 
quiescent pupa. Once the problems of mating in captivity are surmounted, 
diapause is the greatest single obstacle to continuous culturing. The 
factors controlling diapause were therefore a subject of great interest and 
preliminary investigations were undertaken along the lines followed by 
other workers.

In non-migratory species diapause is essential for matching phenology 
with host plant availability. Cues to initiate and terminate diapause vary 
- in the middle latitudes insects tend to use photoperiod, whilst in the 
far north temperature takes precedence. Table 2.14 shows the results of a 
number of studies on the effect of temperature and photoperiod in inducing 
diapause in a variety of Pierids. Conditions during the 4th instar appear 
to have most influence on whether or not diapause occurs. Diapause can be 
prevented in P. rapae by a short burst of light during the dark period 
(Barker, Mayer & Cohen, 1963) and in P. brassicae by artificial prolong
ation of the photoperiod (Friederichs, 1933; Way, Hopkins & Smith, 1949, 
both in Johansson, 1954). However these methods do not work for spring 
univoltines (Shapiro, 1980). Further factors are also at work for other 
multivoltines e.g. for 3 pierid species Yata et al. (1979) observed that 
the progeny of spring forms showed a shorter critical photoperiod than 
those of later broods.

A colour polymorphism is often associated with diapausing and non- 
diapausing pupae, e.g. P. napi (Bowden, 1952), P. brassicae (Friederich, 
1933) in Papilio machaon and P. brassicae this coloration is determined by 
the quality of incident light during the late instars (Wiklund, 1975b; 
Johansson, 1954; respectively). A. cardamines also shows colour dimorphism 
though the green form is much rarer (2.4%, n = 165, pers. ob.) and still 
diapauses (Cowan, 1971, and pers. ob.).
2.4.1.2 Pupa1 ftortality
(i) Problems and techniques

The prepupation wandering phase of the final instar Lepidopteran larva 
greatly complicates assessment of the causes and extent of pupal and over
winter death. This obstacle to the quantification of mortality can be 
circumvented by several methods, but these do not give any information on



Table 2.14 : Summary of the results from a number of studies on the effect of temperature and photoperiod on diapause in 
Pierids.

P

P

P

P

Species Light Temp °C Diapause N Phenotype Author
(hrs) Day Night (%)

occidentalis 10-15 15 100 vernal Shapiro (1975a)
nelsoni 10-15 25 15

continuous 15 22II 25 1

napi 15 25 22 0 Oliver (1970)
oleracea 12 25 22 yes

napi 50 15 green Bowden (1952)
94 25 buff

napi-bryoniae hybrid 97 buff
bryoniae 100 buff

rapae 11 20 yes Barker (1963)
24 no

13 decreased

P. brassicae 21
16

P. canidida 12.5 20

P. melete 13 20

P. napi 13 20

P . rapae 9 20

P. brassicae 0 20
12 20
18 20

no
yes

Johansson (1954)

yes Yata (1979)

yes

yes

yes but not all 

no
increases

no

David & Gardiner (1962b)

214



215.

the cause of death. For example, if the sum of all other known mortalities 
is subtracted from the total generation mortality, the difference gives an 
estimate of overwinter death (e.g. Courtney & Duggan, 1983). Alter
natively, Cook & Kettlewell (1960) released 1,227 radioactive Panaxia

35dcminula larvae (isotope S ) in the field, they estimated total larval 
population from the ratio of radioactive to non-radioactive adults, and 
then knowing total adult density could estimate total mortality incurred 
between the wandering phase and adult stage.

Two approaches can be taken to establish the cause of death. In the
first larvae can be tracked to the pupation site either by continuous
observation (e.g. Rausher, 1979b) or by using a tracer. Dempster (pers.
comm.) successfully tracked Papilio machaon larvae by glueing Iridium wires
(lr 192 1.5 m ci/m) to their backs, the larvae were then detectable using a
mini-motor GP probe at 15-20 feet, even in dense vegetation. However this
method is not permitted near public access. Parker (1970) was less
successful and relocated only 8% (n = 200) of the radioactive P. rapae 

32larvae (isotope P ) which he had released. West & Hazel (1979) achieved a 
higher recovery rate for Battus philenor, using fluorescent paint and a UV 
lamp they recovered 50 and 75% of the larvae released in leaf litter and 
grass respectively.

In the second approach, pupal death can be monitored at sites chosen 
by the experimenter (e.g. Moss, 1933; Baker, 1970, Oliver, 1970; Wiklund, 
1975; Courtney, 1980). Pupal parasitism rates are usually estimated by 
rearing a sample of field-caught 5th instars in the lab (e.g. Harcourt, 
1966; Hayes, 1981; Courtney & Duggan, 1983).
(ii) Death rate and mortality agents

Pupal mortality in the few reported cases appears to be high, 88-90% 
in P. dcminula (Cook & Kettlewell, 1960), 100% (n = 5) in B. philenor 
(Rausher, 1979b), 24% in P. rapae (Richards, 1940), 82% in Qperophthera 
brumata (Varley, Gradwell & Hassell, 1973), and between 0-84% in Papilio 
xuthus (Hirose et al., 1980). Courtney's estimates for A. cardamines range 
between 30.5 and 68.2% over two years.

Predators, parasites and disease all contribute to pupal death, but 
data on the relative importance of each is often anecdotal. In Missouri, 
Parker (1970) found that 53.7% of P. rapae pupae (n = 16) were taken by 
arthropod predators and 31.2% were parasitized, a similar overall para- 
sitization rate was found in Ontario, 1 and 17% of P. rapae pupae were 
parasitized by Apanteles glomeratus and Pteromalus puparum, whilst pre
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mature death of the larvae caused by a granulosis virus reduced the effect
ive attack rate of Phryxe vulgaris to just 13% (Harcourt, 1966). In Pieris

with wet winter conditions (Shapiro, 1979). Rausher (1979b) observed four 
out of five of B. philenor pupae were killed by ants and one was para
sitized. In a detailed study of P. xuthus, parasitoids were quantitatively 
more important than predators (Hirose et al., 1980).

In two out of three years the tachinid P. vulgaris was the greatest 
pupal mortality factor for A. cardamines in Durham, whilst in 1977 winter 
disappearance was the largest of pupal k-values (Courtney & IXiggan, 1983).

The importance of pupal mortality in the population dynamics of 14 
lepidopteran species is assessed in Dempster's (1983) review. Pupal 
mortality was never the most important key factor, and was only second in 
importance in 3 or the detailed studies, two of these were attributable to 
predation - Malacosama neustria testacea and T. jacobaeae and one attribut
able to parasitoids - 0. brumata. Moreover pupal mortality has only been 
observed to act as a density dependent factor in two cases - 0. brumata 
(Varley et al., 1973) and P. xuthus (Hirose et al., 1980), though it is 
suggested that availability of safe pupation sites limits populations of 
Cydia panonella (Geier, 1964) and Lymantia dispar (Campbell, 1967). Moss 
(1933) and Baker (1970) both found lower pupal predation by vertebrates for 
P. rapae in concealed pupation sites as compared to conspicuous positions, 
but they did not ccnment on the relative availability of such sites. B. 
philenor uses textural cues to adjust its coloration to that of the sub
strate on which it pupates (Hazel & West, 1979), thus presumably increasing 
the number of safe sites available to it. Courtney (1980) discovered that 
riverbank plants did not provide a safe site for A. cardamines, when 37 of 
his experimental pupae were lost to flooding.

Less than a handful of A. cardamines pupae have ever been found in the 
field, which makes the problem of tracking and quantification particularly 
acute in this species. Breeding enthusiasts have observed A. cardamines to 
pupate on dry stems in their gardens, Cowan (1981) reported a pupa on a 
quarter inch twig low down on an ivy clad wall (near his garden) and

used in an attempt to determine the pupation site and prepupal mortality of 
A. cardamines whilst field experiments were conducted to find the causes of 
pupal mortality.

protodice pupal death due to pathogens increases dramatically at 7°C and

Sheppard (pers. conn.) discovered another
In this study radioactive tagging and fluorescent dye were both
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2.4.2 Methods and Results
(i) Radioactive tagging of 5th instar larvae

The method used was a modification of a procedure pioneered by 
Montague (1977) whilst studying Mamemstra brassicae at Silwood Park. Due 
to the smaller size of the A. cardamines larvae the size of the tag was 
reduced and the dosage recalculated.
(1) Method

Platinum/iridium wire containing 15 mg/cm of Pt and 0.44 mg/cm of Ir

199
was used. The principal radioactive contents were:-

192 194 ,..192 mIsotopes lr Ir lr Pt'
Half-life 74 days 19 hrs 1.4 mins 30 mins 

these were activated by two hours exposure in the ICIS facility of the 
University of London Nuclear Reactor. 20 larvae were tagged using 1 mm 
long x 0.33 mn diam. wires, each emitting a count of 1.9/CCuries of gamma 
radiation. A thin piece of wire was threaded through the eye of a 21 gauge 
x 1V 2" syringe needle. The radioactive wire was then inserted with fine 
forceps into the end of the needle so as not to protrude, (see diagram 
below). The needle was inserted under the exodermis and into the haemocoel 
of the CC>2 anaesthetised caterpillar, the thread wire could then be moved a
few millimetres to inject the label.
plunger Pt/lr

wire
v

Larvae were given half a day to recover before being placed out in the 
field. A few control larvae were injected with non-radioactive wires to 
monitor the effects of mechanical damage. A Geiger-counter and Gamma- 
counter were used for tracking in the field.
(2) Results

The laboratory controls died as pupae. Sensitivity of the detectors 
was limited to within a foot of the source, and within that range varied 
little. Of the larvae in the field, only 5 were seen to be still alive 
after 1 day, one or two were not traced at all, and of the remainder, high 
counts were emitted from the soil near the base of the plant. Five days 
later only two larvae were still feeding, and by the sixth day all counts 
came from the soil and recovery of the wires began. Clumps of soil con
taining the emitter were dug up and returned to the lab, where successive
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washings and division into radioactive and non-radioactive soil finally 
allowed the wires to be found. All were loose in the soil, yet were 
obtained from a depth of three to four inches.

The greatest recorded distance moved from one food plant to another 
was 56 cm, though one wire was found 84 cm from the original location of 
the larva.
(ii) Effect of pupal density and temperature on lab mortality and emergence
(1) Design

2 x 3  factorial
Treatment A) Levels of density

1) 1 pupa per petri dish
2) 3 pupae per petri dish 

Treatment B) Temperature treatment
1) 0°C incubator - 3 replicates per density
2) 10°C incubator - 3 replicates
3) 20°C 18 hr light - 2 replicates per density

(2) Method
Pupae were kept overwinter in petri dishes in either an incubator or 

C.T. room, and then transferred to lab temperature and emergence cages.
(3) Results_

Table 2.15 gives the proportion of pupae successfully eclosing from 
the different treatments. Rather than shortening the period of diapause, 
the 0°C treatment either killed the pupae which were then attacked by 
secondary bacteria, or it increased their susceptibility to bacterial 
infection, whatever the explanation all became diseased and none eclosed.
At 10°C survivorship was significantly higher at 66%, the mortality being 
accountable mostly to disease in one high density replicate. Eclosion 
began in the 10°C incubator 37 weeks after the start of the experiment 
(i.e. first week of April) . At 20°C no eclosion had occurred by 24/5/82, 
but each of the high density replicates contained a diseased pupa. The 
four 20°C dishes were then transferred to a 10°C incubator and would not 
eclose even when briefly warned up until early April 1983.

Storage of pupae in triplets within the petri dishes did seem to 
facilitate spread of the disease, but the result was not significant.
(iii) Effect of pupal density and substrate on field mortality, 1981 
(1) Design

2 x 5  factorial with 2 replicates
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Table 2.15 : Proportion of pupae successfully eclosing.

Density

Treatment One Three Overall
(with 95% C.I.)

Replicate 1 2 3 1 2 3

0°C 0.0 0.0 0.0 0.0 0.0 0.0
0

( 0 - .26)

10°C 1.0 1.0 1.0 1.0 0.66 0.0
0.66

(.34 - .90)

20°C 1.0 1.0 - 0.33 0.00 -
0.375

(.08 - .75)

Overall
(with 95% C.I.) 0

0.625 
.24-.92 0

0.249 
.025-.65
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Treatment A) Levels of pupal density
1) 1 pupa per location
2) 3 pupae per location 

Treatment B) Treatments
1) Tree layer
2) Herb layer
3) Ground level
4) Buried in the soil
5) Controls kept in an ambient greenhouse

(2) Method
Pupae were attached to small flowersticks and the latter tied onto a 

branch or herb in Pond Field. The pupae were checked daily for two weeks 
and then once a week frcm 24/7/81 until 8/4/82. The buried pupae were 
checked on 13/11/81.
(3) Results

A) Effects on proportional survivorship overwinter
The proportion of pupae surviving until the termination of the 

experiment are shown for the various treatments in Table 2.16. Unfortun
ately the data cannot be statistically analysed, but inspection of the 
table suggests that vulnerability to predators is greatly increased for 
pupae in or on the ground regardless of pupal density. In the herb layer 
where survival is highest, 50% (n = 8), there is possibly an inverse 
density dependent effect, though with such low replication chance discovery 
masks any true trends. Survival in the tree layer is less than the herb 
layer, only 37.5% (n = 8), but the two are not significantly different.
The control pupae in the greenhouse appeared healthy during the course of 
the experiment, but two from the high density replicates later showed 
symptoms of bacterial infection and failed to eclose.

Overall proportional survivorship in the herb and tree layer 
(the more likely pupation sites for A. cardamines) was 0.44 (95% C.I. are 
0.2-0.7, 16 df).

B) Effects on temporal pattern of disappearance
Pupae on the ground all disappeared within 2-3 days. Of those 

that were buried none were recovered after 104 days in the ground, though 
of course mortality may have occurred seme time before this.

In the tree layer most of the disappearance occurred soon after 
placement. In contrast in the herb layer there were two 'peaks' of dis
appearance, one in September, October, the other in February, March, the
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Table 2.16 : Proportion of pupae surviving in the field, 

a) 24/7/81 to 8/4/82

Density

Treatment One Three Total
(with 95% C.I.)

Replicate 1 2 1 2

Buried 0.0 0.0 0.0 0.0 0
( 0 - 0.36)

Ground 0.0 0.0 0.0 0.0 0
( 0 - 0.36)

Herb 0.0 0.0 1.0 0.33 0.5
( .16 - .84)

Tree 0.0 1.0 0.0 0.66 0.375
( .08 - .75)

Greenhouse 1.0 1.0 1.0 1.0 1.0
(1.0 - .63)
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Table 2.16 : Continued, 

b) Winter 1982/83

Density

Treatment One Four Overall
(with 95% C.I.)

Replicate 1 2 3 1 2 3

Outside hedge 1.0 0.0 0.0 0.0 0.5 0.0 0.2
(0.04 - .47)

Edge hedge low 0.0 0.0 1.0 0.0 0.25 1.0 0.4
(0.17 - .67)

Edge hedge high 0.0 0.0 0.0 0.0 0.0 0.0 0
( 0 - .22)

Inside hedge low 0.0 0.0 0.0 0.0 0.0 0.0 0
( 0 - .22)

Inside hedge high 0.0 0.0 0.0 0.0 0.0 0.0 0
( 0 - .22)



223.

latter resulted from herbs falling over, thus presumably exposing the pupae 
to ground predators (see Fig. 2.69a).

An ANOVA on length of time survived emphasizes the significant 
effect of substrate on risk of predation, and shows the density treatments 
to be of little consequence (see Fig. 2.70a and Appendix 58a).
(iv) Effect of pupal density, position with respect to hedge and height 

above ground on pupal field mortality, 1982
(1) Design

2 x 5  factorial design
Treatment A) Levels of pupal density

1) 1 pupa per location
2) 3 pupae per location 

Treatment B) Treatments
1) In herb layer in the field
2) On the edge of the hedge: a) high - 5-6 ft above

ground
b) low - 1 ft above ground

3) Inside the hedge: a) high
b) low

Each treatment and density combination were replicated 3 times.
(2) Method

(R)Pupae were attached to flowersticks using Araldite and the sticks 
tied on to a herb or branch. Pupae were checked every two weeks.
(3) Results

A) Effects on proportion surviving overwinter
The results are shown in Table 2.16b, proportion surviving 

overall is 0.12 (95% C.I. are 0.06 to 0.22, 75 df), which is significantly 
lower than the pooled proportion for the tree and herb layer the previous 
year, 0.44 (t = 2.47, 89 df, p < .01). As was seen for 1981/82, there is a 
tendency for higher survival in the lower vegetation than the higher, i.e. 
20% in the herb layer outside the hedge and 40% low down at the edge of the 
hedge compared to 0% for high positions both at the hedge edge and inside 
it. Pupae in low positions within the hedge however also suffered 100% 
mortality.

The sex ratio of surviving pupae was 1 female to 3.5 males (n = 
9).

B) Effects on temporal pattern of disappearance
The majority of mortality occurred in October for all treat-
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Fig. 2.69 T o ,show the temporal pattern of pupal predation

a) Winter 1981

b) Winter 1982

Key to substrate type: 5ft high, inside hedge ---- —
1ft high, inside hedge ....  5ft high, edge of hedge ---
lft high, edge of hedge ---  Outside hedge, herb layerxxx
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Fig. 2.70 Effect of pupal density and substrate on number 
of Pays survived by pupae in the field.

a) Winter 1981/82
2-way ANOVA on Log e transformed data: for density F(l,6) = 
0.23, NS; for substrate F(2/6)= 10.33, p<T0.01; for inter
action F (2,6) = 0.69, NS.
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merits except that outside the hedge. In the latter treatment, the felling 
of the herb by wind and rain and subsequent predation by ground predators 
occurred in mid-winter (December-January) and early spring (see Fig.
2.69b) . A minimum estimate of days survived by each pupa is given in 
Appendix 58b and Fig. 2.70b summarises the results of an ANOVA performed on 
the data. As in 1981 only substrate had significant effects on the number 
of days survived and followed the same pattern as described previously for 
survival over the winter.
2.4.3 Discussion
2.4.3.1 Factory Aff_e£ting Pupal Diapause

The factors controlling pupal diapause were never fully elucidated. 
Chilling was necessary to promote eclosion, pupae kept at laboratory 
temperature for two years would not emerge, whereas pupae kept at 20°C for 
one year and then given a cold shock for the duration of the following 
winter, emerged two years after their initial pupation.

Diapause could be shortened to 5 or 6 months by placement in a fridge 
at 5°C immediately after pupation. At 10°C eclosion occurred only a few 
weeks earlier than in the field, and at a constant 0°C the pupae died (see 
Fig. 2.68). Attempts to prevent diapause by exposing the larvae to long 
days failed to affect A. cardamines, whilst under the same conditions P. 
napi, p. rapae and _P. brassicae were bred successfully through several 
generations.

Though continuous culturing was not achieved, the period of avail
ability of captive females was prolonged by division of my pupal stock into 
three groups. One batch was left in the insectary at ambient temperature 
and so emerged simultaneously with field populations. Another was placed 
in the fridge a month after pupation and the third batch two months after 
pupation. Thus the fridge batches eclosed at staggered intervals before 
the insectary batch.
2.4.3.2 As£e^sment_and_Caus_es_ of_Pupcal_MortaIity

The pupation site of A. cardamines was never determined. Of the two 
methods used to track the larvae, marking with fluorescent dye proved by 
far the most successful, but was nevertheless still very time consuming and 
had the disadvantage that it could only be conducted after dark (approxi
mately 10.30 p.m.!). The biggest disadvantages with radioactive tagging 
included the associated health and safety red tape, the small number of 
larvae that could be released, the availability of suitable radiation 
detectors, and the short range sensitivity of the technique.
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It seems reasonable to deduce from the morphology of the A. cardamines 
pupa and the propeasity of the larva to pupate on tall stems in gardens, 
that the natural pupation site is above ground level. This deduction is 
supported by field experiments, which demonstrated nil survival for pupae 
placed on or in the ground, and rapid disappearance of pupae if the 
supporting stem fell to the ground. However whether it is trees/bushes or 
herbs that are most commonly used for pupation, cannot be deduced frcm the 
survivorship data. In unmanaged sites pupae tend to survive far longer in 
the herb than the tree layer, but elsewhere they would only survive to 
eclosion at the field perimeter. There is no evidence frcm the experiment 
to support the hypothesis that pupal survival is better in the hedge, and 
might therefore be the reason why females prefer to oviposit on stalks near 
a hedge, so as to reduce the distance travelled by the 5th instar (and 
hence the risk of predation whilst on the ground).

The main cause of mortality in the tree/bush layer is probably bird 
predation, whilst lower down in the hedge, half eaten pupae and a knawed 
flowerstick are suggestive of small mammals. The temporal pattern of dis
appearance at the two heights is also suggestive of a mobile predator 
higher up (where disappearance occurs quickly and uniformly along the 
hedge) and one which forages in patches lower down (see Appendix 58b). 
However, the overall pattern of disappearance observed (with a peak in the 
first month) was similar to that noted by Moss (1933) and Baker (1970) in 
their studies of avian predators (see Fig. 2.69b). There is no evidence of 
predator satiation at the higher pupal density, and this is not surprising, 
if vertebrates are the main pupal predators. Disease was not important in 
the winter of 1981/82 or 82/83. All surviving larvae successfully eclosed 
in 82/83, whilst 1 of the 7 survivors was diseased in 81/82, giving a 
mortality due to disease of 14.3% or 3.1% according to whether disease or 
predation is deemed to act first. On the assumption that disease acts be
fore predation, Courtney's lab estimates for this factor were 4.7, 14.9 and 
0% (Courtney & Duggan, 1983).

The experimental pupae were undoubtedly more conspicuous to predators 
than would normally be the case. Thus the estimated pupal mortality frcm 
the experiments - 56% in 1981/82 and 88% in 1982/83 is higher than the 
pooled estimate of 39% prepupal and overwinter death calculated by sub
traction for Holyport in the winter of 1982/83. The latter mortality 
estimate will also contain a component due to pupal parasitoids, the in
cidence of which was not assessed separately in this study, as it con
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flicted with the collection of data on 5th instar damage to the plants.
The only pupal parasitoid reared was the polyphage Zenilla nemea 
(Cyclorrhapa: Eryciini), which has a variety of Lepidopteran hosts in
cluding P. rapae and Gonepteryx rhamni. Courtney's study suggests that 
pupal parasitism by Phryxe vulgaris can kill up to 36% of new pupae.

In view of the low numbers of overwintering A. cardamines pupae, it is 
unlikely that pupal predation introduces any density dependence to the 
system, further work is necessary to assess the impact of pupal para- 
sitoids.
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CHAPTER 3 : CARDAMINE PRATENSIS

3.1 GENERAL INTRODUCTION
The biology of this species is not reviewed in the literature and will 

therefore be briefly described here.
Cardamine pratensis is a perennial herb with a short, compact, usually 

non-stoloniferous rhizcme, sometimes with small fleshy scales or tubers. 
Shoot height varies from 15-62 cm, there is normally a single erect and un
branched stem, and a sample of 180 plants from one site had a mean number 
of stems per plant of 1.37 + .06 (SE). All the leaves have a rough 
surface. The basal leaves are arranged in a rosette, and long stalked 
pinnate with 1-7 leaflets which are ovate or roundish, whilst the terminal 
lobe is reinform and 2-3 times the size of the lateral leaflets, all have 
distant gland tipped teeth. The lowest stem leaves sometimes resemble the 
rosette ones but the number of leaflets is greater. Higher stem leaves 
have linear leaflets directly attached to the mid vein, the leaf stalks are 
shorter, and the terminal leaflet may be 3-toothed. The inflorescence 
bears 8-31 flowers, the sepals are 2.8-4 mm with a hyaline margin. The 
petals are obovate clawed, lilac or white in colour and between 8-13 nm 
diameter, at first they are corymbose but later the flowerstalks grow to 
between 8-15 mm. The anthers are yellow and there are four stamens. The 
style is 0.6 irm wide, flattened, not attentuate, the stigma is conspicuous 
and enlarged. The siliquae are between 5-40 mm long and 1-1.5 mm broad, 
obliquely erect on stalks 12-25 mm long, they have compressed valves which 
open suddenly and coil spirally from the base. Each cell of the siliqua 
has one row of seeds with between 3 and 36 seeds per valve. Flowers are 
produced from April to June and are protogynous and self sterile.

The taxonomy of the Cardamine pr a tens is group is complex. The 
Cruciferae characteristically exhibit considerable cytological variation 
(Manton, 1932) and in addition C. pratensis shows a high level of pheno
typic plasticity (Dale & Elkington, 1974). The species was first typified 
in the Institutiones Rei Herbariae by Toumefort in 1719, he distinguished 
four varieties and his scheme was also adopted by Linnaeus in 1737. In his 
monograph of 1903, Schulz was more divisive, whilst Hayeh in Flora von 
Steiermark (1908) recognised 4 species. Lindman (1914) described 2 species 
but 8 forms, and Lovkvist (1956) gives the following key of characteristics 
for his 7 named species:-
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Rhizane repent C. crassifolia
Pourret

Rhizane not repent

Leaflets thick, veins embedded C. nymani
(Arctic group) 

Gand.

Leaflets thin, veins not embedded

Pods narrow C. matthioli
Moretti

Pods broad

Granules on roots CL granulosa 
(N. Italy)

All.

No granules

Leaflets of all cauline lvs petioled C. palustris*
Wiramer & Grab.

Leaflets of upper cauline lvs sessile

Leaflets of lower cauline lvs dis- C. pratensis*
tinctly broader than those of L.
upper ones

Leaflets of all cauline lvs of about 
same breadth

C. rivularis
Schur

* = British distribution
Flora Europaea largely adopts the scheme of Lovkvist, but classifies C. 
granulosa within C. pratensis (sensu stricto), two additional types are 
noted under C. pratensis: C. nemorosa Lej., C. latifolia sensu Lej., non 
Vahl.
3.1.1 Geographical and Altitudinal Distribution

See Map 3.1 for distribution in the British Isles. The European range 
covers southern Scandinavia, Netherlands, Belgium, France, Germany, Poland, 
Czechoslovakia, Austria, Hungary, parts of Yugoslavia, Switzerland, 
northern Italy, northern and central Spain, northern Portugal, parts of 
eastern Europe and Siberia (Tutin et al., 1964). A lawn and meadow form 
was introduced to N. America and has since adapted to woodland swamps 
(Fernald, 1920).

Plants of C. pratensis (s.s) occur in the French Jura and Alps, whilst 
C. crass if olia is found in the Pyrenees. The highest altitude site in the
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Map 3.1 To show distribution of C. pratensis within 

the British isles.

least
Each dot represents atjfone record in a 10 km square of the 
National Grid. Mapped by the Biological Records centre, 
Institute of Terrestrial Ecology, mainly from records 
collected by members of the Botanical Society of the 
British Isles.
NB The thin Irish coverage reflects the relative paucity 
of records for spring flowering species (cf Primula vulgaris), 
because many of the records for Ireland were collected by 
British botanists during summer visits - s .  M. Walters, 
pers. comm.
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U.K. described by Dale & Elkington (1974) was at 2300 ft on Great EXin Fell, 
Teesdale, and the lowest sites were at 0 ft in Braunton Burrows, Devon and 
Ainsdale, Lancashire.
3.1.2 Habitat
(i) Climatic and topographical limitations

No data.
(ii) Substratum

At 39 English sites where the cytotype 2 N = 56 was found, pH ranged 
from 5.1-7.6; a number of these sites were on limestone, most were marshes 
or wet grassland (Dale & Elkington, 1974).

There appears to be a relationship between cytology and substratum, 
though cause and effect have not been distinguished. Berg (1967) has 
identified two C. pratensis subspecies in the Netherlands. C. pratensis 
(s.s) 2 N = 16, 30 and 44 occurs in drier habitats, grassland and forest on 
basic soil, whilst <3. p. palustris 2 N = 56+ appears to be associated with 
wetter habitats, riparian vegetation and alder carr, where the roots reach 
ground water for most of the year. Berg & Segal (1966) give a detailed 
account of the morphology of the two types. Recently a further subspecies 
has been found in the Netherlands, C . pratensis picra (DeLanghe & D 'Hose, 
1976) occurs in wet shady places, especially in woods with springs 
(Mennema, 1978).

In Switzerland, Urbanska-Worytkiewicz & Landolt (1974a) note that C. 
pratensis (s.s) and C. nemorosa are usually found on soil between pH 6.5-
7.5 which is nutrient rich, and all species in the C. pratensis group 
avoided permeable and fast drying soil.
3.1.3 Communities

Dale & Elkington (1974) summarize the results of their vegetative 
surveys at 39 sites (mainly in central and northern England), where C. 
pratensis occurred. They identified two major community types: 
i) marshes/very wet grassland, with Holcus lanatus and Juncus effusus as 

constant species and Equisetum palustre, Agrostis stolonifera, Des- 
champsia cespitosa, Poa trivialis, Cirsium palustre, Galium palustre 
and Ranunculus repens as common associates, 

ii) damp limestone/chalk grasslands with Agrostis stolonifera, H. lanatus, 
R. repens, Trifolium repens as constant species and Festuca rubra, Poa 
trivialis, Beilis perennis, Cirsium arvense, Rumex acetosa and Urtica 
dioica as common associates.
Species lists for some Berkshire sites which fall within these
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categories are given in Appendix 49. In addition in Sussex and Surrey C. 
pratensis occurred in a number of woodland glades, where together with 
Filipendula ulmaria (L.) Maxim, it formed the dominant early spring 
species. The vegetation associated with the woodland subspecies C. p. 
picra in the Netherlands is described by Sykora & Sykora-Hendriks (1978).

In France Souchon & Tomasson (1971) distinguished three phytosocio
log ical/ecologi cal populations of C. pratensis. Ihey named the three 
habitats: La prairie mesophile - pH 5.3, light intensity 5,300-7,000 lux; 
Prairie humide - pH 6.4, 40-45% sunlight; Foret humide - pH 6.15, light 
450-1,090 lux (Souchon, 1971).

3.1.4 Response to Biotic Factors
The effects of intra- and inter-specific competition on C. pratensis 

seedlings are discussed in Section 3.3.2. In the absence of grazing or 
mowing over a four year period, the number of flowering heads of C. 
pratensis steadily declined when faced with the intense interspecific 
competition frcm Juncus, Epilobium hirsutum L. and Deschampsia caespitosa 
(L.) Beauv. (see Section 3.4.2).

Much of the rosette growth occurs in autumn and very early spring when 
the surrounding grasses and rushes have died back. Lodging of the rushes 
would seemingly present a shading problem to the Cardamine rosettes, yet 
many still manage to work their way through to the light. Production of C. 
pratensis flowerstalks in woodland usually occurs before canopy closure, so 
that even there it is not subject to extreme shading from other plants.

A factorial experiment with three ecotypes of C. pratens is grown under 
two light intensities showed that the woodland form of the species was more 
shade adapted than its grassland counterparts, but reciprocal transfers of
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the three forms into one another's habitats indicated that general require
ments were still similar (Souchon, 1974). Dale & Elkington (1974) suggest 
that the increased Leaf Area Index observed at seme sites was a response to 
shading by competitors.

The rosettes tolerate light trampling and the plant probably benefits 
from cow and horse hoof marks which create areas of bare soil for germin
ation in the midst of a closed sward. Similarly the activity of moles 
creates potential germination sites, though the seasonality of mole 
activity may not be quite appropriate - by the time that C. pratensis seeds 
are ready to germinate (August/September) the mole hills have usually been 
colonized by carpeting species like R. repens, H. lanatus and C. palustre.

The effects of herbivores and the plants response are described in 
Section 3.3.2.
3.1.5 Habit and Adaptive Traits
(i) Gregariousness

Spatial distribution of C. pratensis was investigated in the present 
study by throwing quadrats at a number of sites (details are given in 
Section 2.2.3.2), and also by extensive mapping of the Pond Field site (see 
Section 3.4.2).

The aggregated distributions observed are due, at least in part, to 
the clonal growth of the plant. Vegetative propagation within the root 
system was observed to lead to at least sixteen flowers talks with a common 
rhizome; rhizomes with more stalks than this tended to fragment during 
extraction, so this is a conservative estimate. However frem a sample of 
180 plants surprisingly few had multiple stalks. Clonal growth fron the 
foliage is more difficult to assess, as attachment to the mother plant is 
often severed at an early stage.

A sterile double flower cytotype at Knaphill was found to have spread 
approximately 4 metres by clonal growth.
(ii) Performance in various habitats

Plants occurring in areas of low soil moisture and short vegetation 
have a low leaf area index, and above 800 m altitude these conditions be
come prohibitive and plants are restricted to wet marshes. The highest 
LAI is noted in tall marsh vegetation and is probably a response to shading 
by Phragmites australis. Flower size is largest in plants growing in tall 
vegetation, high moisture conditions; plants growing in dry habitats or 
marshes with short vegetation at high altitude have small flowers (Dale & 
Elkington, 1974). In southern England plants growing in wet grassland or
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mixed grass/rushy vegetation tend to be sturdier and bear more florets per 
head than those in predominantly marshy communities (with an average be
tween 21 and 40 florets as compared to between 10 and 20 florets). Wood
land ecotypes tend to be very spindly (e.g. less than the average 3 mm 
diameter), bear few flowers and as judged by the number of developed pods 
are poorly pollinated, presumably due to their relatively early flowering 
time as compared to their counterparts in more open areas. Souchon (1974) 
found that though woodland plants were better shade adapted than other 
forms, they fared less well in competition with other species.
(iii) Effect of frost, drought etc.

Seedlings monitored over two winters were not observed to suffer in
creased mortality when subject to frost or snow. Vernalization is 
necessary to initiate flowering in most forms of C. pratensis (see 3.1.12).

Adult plants were never observed to experience dessication (the stems 
have died back to ground level by mid-summer) and their habitats are always 
moist in spring.
3.1.6 Form, Genetics and Physiology
(i) Morphology

Morphological studies of the 2 n = 56 cytotype by Dale & Elkington 
(1974) have indicated that most of the variation in both vegetative and 
floral characters is due to phenotypic plasticity and is highly correlated 
with environmental factors. Their study therefore casts doubt on the 
methodology usually adopted for distinguishing between continental sub
species, i.e. use of morphological features such as leaf size.

In a factorial experiment with 3 ecotypes of C. pratensis, humidity 
was shown to be the environmental factor which had most influence on growth 
form (Souchon, 1974). Dale & Elkington (1974) also demonstrated that much 
phenotypic variation was due to water regime. Their site survey showed 
that variation in the mean number of leaflets was correlated with altitude 
of the site, which in turn was correlated with rainfall. To examine this 
response experimentally, they cloned specimens from five sites and placed 
the clones in four water regimes. For the rosette leaf characters of 
length, terminal leaflet length, and length/breadth ratio only differences 
between treatments were significant. Leaf thickness and number of leaflets 
however had a partial genotypic basis.
(ii) Mycorrhiza

No data.
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(iii) Perennation, reproduction
Flowering can be observed in a high percentage of first year seed

lings, though the flowerstalks are relatively small and weak, with fewer 
florets than the older plants (see Section 3.3.2). The number of flower- 
stalks produced by the plant population at a given site can vary greatly 
between years. Seme plants flower for at least several consecutive years, 
whilst others remain in a vegetative state. In wet, tall vegetation a 
second burst of flowering is sometimes observed fran the apical meristem, 
following completion of pod production by florets in the initial corymb.

The lifespan of a given clone is undoubtedly considerable. Miriam 
Rothschild (pers. ccnm.) reports the case of a population, which had been 
mown for 35 consecutive years (thus preventing flowering) but which never
theless produced an abundance of mature flowerstalks upon cessation of 
mowing. That these flowers were produced frem old, vegetative plants is 
evidenced by the fact that growth frem the seed bank or immigrant seeds is 
negligible in a closed sward (see Section 3.3.2).

By July/August the flowerstalk has dessicated and died back whilst the 
rosette remains above ground throughout the winter.

C. pratensis exhibits a number of forms of vegetative reproduction, 
and the availability of undifferentiated cells in these plants has led to 
its adoption as an experimental organism for developmental biologists (e.g. 
Prevot, 1976; Henry, Marie & Guignard, 1979). Different forms/subspecies 
of the plant appear to have different capacities for vegetative repro
duction. In 1926 Iljinskij used this as the criteria to distinguish two 
chromosomal races, in C. pratensis (s.s) (2 n = 24) budding on the radical 
leaves was facultative, whilst in C. dentata (2 n = 75) budding was 
followed by vernal defoliation. Berg & Segal (1966) state that C. p. 
palustris forms adventitious shoots both on the rosette and stem leaves as 
well as vegetative side shoots, whilst C. p. pratensis only rarely shows 
these traits.

The importance of vegetative reproduction in the Cardamine genus is 
emphasized by the success of a recently discovered triploid hybrid between 
C. rivularis and C. amara in Switzerland. This hybrid C. insueta has 97- 
98% sterile anthers but has been able to attain numerical supremacy by 
asexual reproduction from the stolons, the flowering shoot nodes (4-5 
daughters per shoot) and frem the upper surface of the rosette leaves (5-6 
per leaf under optimal conditions), thus in the natural habitat 35-36 
daughters may be produced per plant per season (Urbanska-Wbrytkiewicz, 
1977a).
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(iv) Chromosomes
Over its European range Cardamine pratens is sensu lato exhibits a 

spectrum of chranosome numbers ranging frcm 2 n = 16 (diploid) to 2 n = 96 
(dodecaploid) with many intermediate euploid and aneuploid numbers (Dale & 
Elkington, 1974).

Lovkvist (1956) divides the complex into three groups: 1) repent 
rhizcme group represented by C. crassifolia; 2) the Arctic group in which 
octo and decaploidy are exhibited e.g. C. nymani; 3) the temperate group 
which has diploid, tetra, hexa, octo, deca, dodeca and aneuploid members, 
it includes: C. granulosa (endemic to N. Italy), C. matthioli which is 
diploid, C. palustris which shows high polyploid levels, the C. pratensis 
line (s.s) which are mainly diploids growing in fairly dry habitats, but 
which also include tetra and hexaploids and the C. rivularis line which are 
diploids in wet situations and include seme tetraploids.

In the Netherlands the following chrcmosane counts have been made: 28, 
30, 31, 32, 34, 36, 39, 45, 52, 53, 54, 56, 58, 59, 60, 62, 64, 66, 68, 69, 
70, 72, 73, 74, 75, 76, 78, 80, 84. Berg (1967) concludes that many of 
these results frcm individual mutation of the normal number for tetra, octo 
and decaploids, these being 30, 60, 74-76 respectively. There is seme 
evidence that the ploidy levels may be connected by autoploidization. Un
like Lovkvist (1956), Berg & Segal (1966) give C. pratensis L. (s.s) (2 n < 
56) and C. £. palustris (2 n > 56) subspecific rather than species status, 
due to the occurence of transitional forms (although they do accept that 
there are restrictions in compatibility between the octaploids and de
caploids on the one hand and tetraploids on the other). As yet no chromo
some count has been reported for the new subspecies C. £. picra described 
frcm the Netherlands.

Swiss workers examining 204 fertile meadow populations in the C. 
pratensis complex determined 9 different chrcmosane numbers. Morpho
logically and ecologically these populations were intermediate between the 
diploid plants from the Jura forests (C. nemorosa) and the diploid C. 
rivularis frcm the Alps, thus hybridization seemed to have decreased the 
apparent morphological differentiation between the original strains 
(Landolt & Urbanska-Worytkiewicz, 1973). Despite the high intra pop- 
ulational variation brought about by local migrations, gene flow and 
aneusemy (Urbanska-Worytkiewicz & Landolt, 1974a), ecological different
iation has taken place e.g. C. nemorosa and granulosa are shade plants 
developing in early spring, whilst the others require open sites or places
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leaves are fully illuminated following grazing/cutting. In France too, the 
shade adapted ecotype of C. pratensis has been identified as a separate 
cytotype (2 n = 48) from both the wet and dry grassland forms (Souchon & 
Tomasson, 1971).

In Poland many races occur but the most frequent is 2 n = 44 (Banach, 
1951).

The number of chromosomal races in Britain is considerably fewer than 
on the continent. Manton (1932) reported a race of 2 n = 32 from Cambridge 
and 2 n = 64 from Southport, assuming these to be the tetra and octoploid 
respectively. However Lawrence (1931) demonstrated that the tetraploid was 
in fact 2 n = 30, two of the chromosomes being double the length of the 
rest. In 1956 Lovkvist found races with 2 n = 30, 38, 48 and 56 in Devon, 
and 2 n = 56, 57 and 58 in Scotland. In an extensive study of British pop
ulations Hussein (1955) found only two races, one race 2 n = 30 was 
restricted to the south, whilst 2 n = 56 was more widespread. In their 
survey of 27 populations in central and northern England, Dale & Elkington 
(1974) found only the 2 n = 56 race, with the exception of one population 
which contained plants with 2 n = 58.
(v) Physiological data 
(1) Flowering stimuli

Souchon & Tomasson (1971) found that their wet grassland ecotype (2 n 
= 40) did not need vernalization to flower, though percentage flowering 
increased following vernalization, whilst the dry grassland (2 n = 40) and 
wet woodland (2 n = 48) types needed to be vernalized at 3°C for 1-4 weeks 
with short days to promote flowering.

The most extensive study of flowering stimuli was conducted by Pierik 
(1967) using a clone of race 2 n = 30. In young plants a juvenile phase 
was necessary before any flowering could be induced, though the length of 
this phase could be reduced by improving light conditions prior to vernal
ization. The photoperiod during vernalization could greatly affect per
centage flowering following it, whilst flower bud formation post-chilling 
was only slightly influenced by light and temperature. Stem elongation 
responded separately and was almost exclusively induced by long days. The 
formation of adventitious plantlets did not respond to vernalizing. The 
optimal conditions for flowering were:
pre-vernalisation: 9°C, 16 hrs light gives 100% flower budding after 9

days.

during vernalisation: 3 weeks at 5°C for 40% or 7-8 weeks for 100% budding
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after 8 days. Daylength 16-24 hrs.

post-vernalization: flowering 100% at all temperatures, budding time and
stem elongation optimal at 12°C. Daylength 16 hours.

(vi) Biochemical data
The Cruciferae are chemically characterised by the presence of gluco- 

sinolates of which there are at least 70 different types (Vaughan et al., 
1976). The seeds of the Cruciferae generally contain 40% by weight of 
lipid and 23-25% protein. The Cardamine genus has an interesting array of 
intrageneric variation in its seed fatty acid patterns, but C. pratensis 
lacks the saturated long chain acids (18-24 carbon) with vicinal dihydroxy 
groups which are found in C. impatiens. Eicosenoic acid and erucic acid 
are cannon seed lipids of Crucifers comprising 1-60% of the total seed oil 
(Appelquist, 1976).
3.1.7 Phenology

See Section 3.4.2.
3.1.8 Sexual Reproduction
(i) Floral biology

Hussein (1955) identified three floral forms. The 2 n = 30 race is 
represented by two flower types, plants with single petal flowers and 
others with completely sterile double flowers, in which all the floral 
parts except the calyx are petaloid. He found the 2 n = 56 race to be 
typified by a semi-double flower in which the ovary becomes swollen and 
bursts into a double or incompletely fertile flower, occasionally this pro
liferation fails to occur and normal seed production ensues. A semi-double 
flower for the 2 n = 56 race is not noted by Dale & Elkington (1974). They 
suggest that variation in petal length/breadth ratio is largely genetic in 
origin.

C. pratensis has protogynous flowers and exhibits self incompatibility 
(Correns, 1912; Beatus, 1929; Bateman, 1955), the incompatible pollen is 
inhibited before the stigma has been penetrated.

Insects are the main agents of pollination, the most numerous visitors 
being pollen beetles, Micropteryx and weevils (which oviposit in the un
opened flower buds). Courtney et al (1982) examined the pollen carrying 
capability of A. cardamines. They concluded that in general butterfly 
pollination was not as important in quantitative terms as pollination by 
Diptera or Apoidea, but that it might be significant in effecting pollen 
transfer over large distances. As pollen "half-life" is usually only a day
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or two on the mouthparts (and may be less in terms of actual viability), 
and as A. cardamines males are less vagile than some of the other pierid 
visitors like P. rapae and P. napi it seems unlikely that A. cardamines 
plays an important role in the pollination of C. pratensis.
(ii) Hybrids

C. rivularis hybridizes with C. amara to give the infertile, triploid 
hybrid C. insueta, which in seme instances gives rise to a fertile hexa- 
ploid - Cardamine Schulzii (Urbanska-Worytkiewicz, 1977b). C. pratensis is 
not known to form any hybrids.
(iii) Seed production and dispersal

Seed production and pre-dispersal seed predation are discussed in 
Section 3.2.2.

C_. pratensis must be considered as relatively primitive amongst the 
Cruciferae as the evolutionary trend within the family is towards fruit 
reduction, many seeded dehiscent long fruits giving way to few seeded in- 
dehiscent short fruits with more specialized modes of dispersal (often by 
animals). The maximum distance to which seeds are thrown is reported to be
1.5 - 2 m  (Clapham, Tutin & Warburg, 1962), though in the greenhouse 
triggering of the mechanism by hand gave dispersal distances no greater 
than one metre.
(iv) Viability of seeds: germination

Pre-dispersal seed predation is discussed in depth in Section 3.2.2. 
Nothing is known of post-dispersal predation or other seed mortality 
factors.

Under a range of temperature and light conditions, germination of C. 
pratensis seeds in petri dishes on moist filter paper was very poor. Much 
greater success was achieved by sowing seeds in moist compost in a seed 
tray kept at 20°C with 16 hours light.

Rotting and loss of viability on storage were not investigated.
3.1.9 Natural Enemies
(i) Animal feeders or parasites

See Sections 3.2.2; 3.3.2 and 3.3.3. A stem feeding aphid was also 
abundant on C. pratensis at several sites, but M. Llewelyn an aphid expert 
was unable to identify it.
(ii) Plant parasites

An epiphytic downy mildew was noted on several plants at Ribblesdale 
site, no obvious effects on the host were observed.
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3.1.10 History
Lovkvist (1956) considers it probable that the Arctic Group showed the 

main features of its present distribution even in the late tertiary, as it 
is absent from Siberia between the Gulf of Yenisei and close to the Bering 
Sea. He speculates that the Temperate Group may have radiated from Asiatic 
refugia to meet those isolated populations in southern Europe which escaped 
the devastation of the Pleistocene glaciations, thus central Europe was 
recolonized by mixed stocks which led to much hybridization and polyploid- 
ization and gave rise to the complex situation found today. The Repent 
Rhizome group may well be a relic survivor of the glaciations.

Hussein (1955) suggests that the wider distribution of the 2 n = 56 
race within Britain reflects a greater ability to recolonize as the 
glaciers retreated, the 2 n = 30 race remaining restricted to the south.
3.1.11 Aims

The aim of this section is to determine what factors could be in
fluencing the dynamics of C_. pratensis and to assess how important each is 
quantitatively.

Figure 3.1 shows the various stages in the life cycle of C. pratensis 
and indicates the alternative fates that can befall a given life stage.
For example, a developing bud may abort; or under the category "bud death" 
it may be decapitated by slug grazing, it may be completely removed from 
the stalk by unknown agents, it may be eaten together with the rest of the 
flowerhead by a rabbit, or it may develop successfully into a flower. It 
is the proportion of individual units which fall to each of these fates 
that is of interest in this study. The various types of mortality will be 
introduced in greater detail in the chapters that follow.

The organization of the research in this section reflects the two 
major phases in the C. pratensis life cycle - seed production and seedling 
establishment. Beginning with the flowering plant the spectrum of factors 
and agents which affect pre-dispersal seed mortality were assessed both by 
the collection of observational data at different sites and by experimental 
exclusion of mortality agents. It is in these stages that A. cardamines 
larvae have their most obvious and quantifiable effect on C. pratensis. To 
examine the role of A. cardamines in the dynamics of the plant, sites were 
selected where A. cardamines and C. pratensis co-occurred and were con
trasted with those sites where the butterfly was absent or at extremely low 
density. The second major area of investigation concerned factors which 
influence seed germination and seedling establishment. These factors were
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Fig. 3.1 Diagram to show population processes affecting the 
dynamics of C. pratensis

DYNAMICS OF C. PRATENSIS
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studied in several experiments conducted at various sites within Silwood 
Park.

Unfortunately the rosette stage has been scantily studied in relation 
to its importance, due to the practical difficulties in following the fates 
of individual plants and the relatively short duration of this study as 
compared to plant longevity. The survivorship data presented in Section 
3.4.2, in conjunction with the fecundity estimates from Section 3.2.2, do 
however allow an approximate estimate of the intrinsic rate of increase to 
be made.

3.2 SEED AND SEED PRODUCTION
3.2.1 Introduction

The seed is an important stage in the life cycle of most vascular 
plants, and seed characteristics can influence the distribution of the 
plant population in space (according to its dispersal method) and in time 
(according to its dormancy characteristics).
3.2 .1 . 1  physiological and Ecological_Det£iuninants_ of_Flower and §eed_Pro- 

duction
A number of factors which can influence seed production have already 

been mentioned in the Introduction. The first critical point in seed pro
duction is whether or not the plant flowers. In annuals and biennials the 
flowering schedule is usually genetically pre-detemined (though recent 
work with several species of biennials indicates that flowering may be more 
influenced by resource availability than was originally suspected e.g. 
Sheppard, unpub. thesis; Thompson, 1978; Scott, pers. ccmm.). The factors 
governing the frequency of flowering in perennials are more complex. 
Disturbance in the community caused by man can tend to increase flowering 
frequency (e.g. Gadgil & Solbrig, 1972), as can intraspecific competition 
e.g. Palmblad, 1968; Tussilago farfara (Ogden, 1974), though examples also 
exist of decreases in flowering frequency with density e.g. Chamesyce hirta 
(Snell & Burch, 1975); Picris hieracioides and Echium vulgare (Klemow St 
Raynal, 1985). Moderate defoliation increases flowering in Allium porrum 
(Boscher, 1979). Sane species are reknowned for synchronous flowering e.g. 
Hamamelis virginiana (De Steven, 1981), and the available evidence suggests 
that in many cases this is a response to random fluctuations in climate 
(Harper, 1977). Tamm in 1956 suggested that this phenomenon might not be 
restricted just to trees and shrubs, but that perennial herbs might also 
have "flowering years", his prediction is borne out in at least one case -
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Frasera speciosa (Beattie et al., 1973). The advantages of masting in 
terms of predator satiation are discussed in Janzen (1976) and Crawley 
(1983). In £. pratensis vernalization is necessary to stimulate flowering 
and it is possible that a very mild winter might decrease the number of 
stalks which flower.

The timing as well as the frequency of flowering can affect seed pro
duction. In theory early reproduction should increase 'r'. Within a year 
early or late flowering may reduce fecundity as it can result in an 
asynchrony between flowering and the presence of specific insect pollin
ators e.g. C. pratensis. Defoliation usually leads to a delay in flowering 
(Collins & Aitken, 1970).

Once flowering has commenced, there remains the question as to what 
proportion of resources should be channelled into sexual reproduction.
This is obviously most pertinent to perennials which may split their 
resources between sexual and vegetative reproduction. Once flowering has 
been initiated in semelparous species they will channel virtually all their 
reserves into reproduction (seed, fruit and nectar production). Again 
disturbance at a site, plant density and herbivory can all play important 
roles. Soil disturbance tends to increase the proportion of aerial biomass 
allocated to sexual reproduction (Gadgil & Solbrig, 1972).

Plant density has a number of inter-related effects on resource allo
cation, which in turn are dependent upon the stage at which competition 
occurs and whether the competition is intra- or inter-specific. Overall 
sexual reproductive effort tends to be maintained proportionally constant 
with density in both annuals and perennials, whilst the vegetative repro
ductive effort tends to decrease with density since, at high densities, 
there is "nowhere to go" in the immediate vicinity. Compare, for example 
Senecio vulgaris (Harper & Ogden, 1970), and Tussilago farfara (Ogden, 
1974), with Hieracium floribundum (Thomas, 1974), Fragaria virginiana 
(Holler & Abrahamson, 1977). Plant fecundity shows strong density depend
ence, beyond a certain threshold increased sowing density does not increase 
seed yield, because either plant mortality increases or individual plant 
size becomes smaller and seed output per plant is accordingly lower e.g. 
Yucca whipplei (Mack & Harper, 1977; Aker, 1982; Fowler, 1984); Thlaspi 
arvense (Duggan in Crawley, 1983). (In species where the seed output of an 
individual bears a non-linear relationship to the plant's size, it is 
necessary to take account of plant size variance when predicting seed pro
duction. )
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In terras of limiting nutrient availability to the plant, defoliation 
by herbivores can be considered analogous to competitive effects, and again 
the timing of the attack is fundamental to its consequences for the plant. 
Ihere are several stages at which the plant can match its reproductive out
put with the available resources. If a plant is attacked by a defoliator 
or subject to competition before floral or seed initiation, the seed pro
ductivity of the individual is usually decreased whilst seed size remains 
constant (e.g. Rockwood, 1973; Waloff & Richards, 1977; Myers, 1981a; 
Fowler, 1984; Louda, 1984). Also according to conventional wisdom, if 
resources become constricted after bud initiation it may result in bud 
abortion, fruit abortion or failure to fertilize the seeds at all the 
loculii, whilst seed size/weight is maintained constant by the reduction in 
number of seeds produced e.g. Vicia faba (Hodgson & Blackman, 1957),
Catalpa speciosa (Stephenson, 1980). However it now seems that in seme 
circumstances resources may be spread more thinnly amongst the seed 
initiates, resulting in a reduction in individual seed size e.g. Rumex 
crispus (Maun & Cavers, 1971a; Bentley, Whittaker & Malloch, 1980), Rumex 
obtusifolius (Bentley et al., 1980). Conversely damage by flower feeding 
herbivores which do not substantially reduce the plants nutrient reserves, 
or the removal of an interspecific competitor after seed set, may lead to 
heavier than average seeds e.g. Vicia faba (Hodgson & Blackman, 1957),
Rumex crispus (Maun & Cavers, 1971b), oat-barley and Linum - Camilina 
mixtures (in Harper, 1977). This variability has only become apparent with 
the current trend to investigate individual variation rather than the 
previous tendency to calculate mean seed weights (Thompson, 1984).

For Plantago, Primack (1978) lists in order of increasing importance 
the stages in regulation of seed production: seeds per capsule, weight per 
seed, capsules per inflorescence and inflorescences per plant. Olsson 
(1960) however emphasises the high degree of heritability for number of 
seeds per pod and seed size in Sinapis and Brassica sp. and also notes that 
the oil content of the seeds is determined by the genotype of the mother 
rather than that of the seed itself. Marshall, Levin & Fowler (1985) found 
that seed number and size were more susceptible to change following insect 
damage in annuals than in perennials, the latter being able to draw on 
their reserves, though Hendrix (1984) argues that the iteroparous Heracleum 
lanatum exhibits incomplete compensation in seed production because it can 
reproduce in future years whilst semelparous Pastinaca sativa maximizes 
replacement of its destroyed seeds and shows complete compensation. In
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conclusion, whilst the physiology of seed determination may be reasonably 
understood in certain crop species, much remains to be learnt about the 
fecundity of wild plants.
3.2.1.2 PoUination_

Obviously a crucial stage in seed production is pollination and as has 
been mentioned, early and late flowering insect-pollinated plants may be 
disadvantaged if they fall out of synchrony with their pollinators. Though 
it appears that even at the height of the season pollination efficiency by 
sane species can be very low e.g. Colias eurytheme (Levin & Berube, 1972), 
Leptidea sinapis (Wiklund et al., 1979) and Anthocharis cardamines 
(Courtney et al., 1982) and that plants must rely on an array of pollin
ators to maintain a good cross pollination frequency e.g. Frasera speciosa 
(Beattie et al., 1973). Crucifers receive frequent visits from pollen 
beetles such as Meligethes aeneus and weevils such as Ceuthorhynchus 
assimilis (Free & Williams, 1978), whilst Diptera and Apoidea are un
doubtedly also of importance in pollination (Courtney, 1982). Another 
strategy to combat unpredictable pollinator availability is to initiate a 
large number of flowers each year, but to abort those that remain unpollin
ated (e.g. Aker, 1982) this can also be a useful anti-herbivore strategy 
(e.g. Stephenson, 1980).

Cost/benefit analyses of pollination strategies can be made for both 
pollinator and plant. The pollinator must weigh up the calorific reward 
from the flower against the energy expended travelling from plant to plant 
(Heinrich & Raven, 1972). For the plant there is often a cost to be paid 
in addition to the production cost of the nectar reward; seme species for 
example specialise in nectar theft, but even worse the high density patches 
of plants which are often most successful at attracting pollinators, may be 
equally attractive to seed predators. In the case of seed weevils (Free & 
Williams, 1978) and the moth Hadena bicruris (Brantjes, 1976d) the 
pollinator and the predator may be one in the same. There are naturally 
exceptions e.g. Astragalus canadensis enjoys both higher pollination 
success and lower seed predation at high plant density (Platt et al.,
1974).

In Haplopappus venetus, a third agent canes into play in determining 
seed production, spiders reduce pollination and seed set, but increase 
release of viable undamaged seed (Louda, 1983a).
3.2.1.3 Defloration

The remaining factors which influence seed production are mortality
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agents. Their effects are simpler to quantify in theory since competition 
and defoliation can affect the plant in so many subtle ways.

The flowerstalks of a number of herbaceous species fall prey to verte
brate grazers and are completely destroyed. The extent of this mortality 
may easily be overlooked in studies which concentrate upon insect herbi
vores and mature flowerstalks only. Edwards (1985) records that 63% of the 
flowering shoots of the perennial herb Aralia nudicaulis are grazed by 
moose, which is a substantial loss to ignore. Crawley (1983) reviews a 
number of examples of defloration. Losses can be considerable e.g. for 
Haplopappus squarrosus Louda (1982) records a reduction in the fruit lost 
to tephritid flies, microlepidopterans and chalcidoid wasps frcm 94% to 41% 
by applying insecticide during flower development and fruit maturation, and 
likewise exclusion of predators on H. venetus decreased the insect caused 
flower abortion by 11% and the damage to developing seeds by 104% (Louda, 
1983b). A number of plants are known to counter flower removal by pro
ducing female flowers on previously male inflorescences, or on regrowth 
shoots (e.g. Cameron, 1935; Hendrix & Trapp, 1981; Islam & Crawley, 1983).

The C. pratensis flowerstalk is subject to grazing pressure frcm 
rabbits, deer and slugs, and felling by small mammals. In the case of 
rabbit and deer grazing the entire stalk may be removed, whereas felling 
usually leaves the broken stalk on the ground nearby. Slug defloration 
occurs only after the protective apical foliage has unfurled to expose the 
buds and the stalk has same rigidity, the grazed bud is sliced across its 
top revealing its shredded petals. Seme buds, attacked by the gall midge 
Dasyneura cardaminis (Winn.) (Cecidamyiidae) are caused to swell and abort. 
Various generalist lepidoptera eat the buds e.g. Aporphyla lutulenta 
(Schiffermueller). Slugs also attack the flowers and pods. Several 
species of totrieids web up the flower heads sometimes preventing further 
development e.g. Cnephasia incertana (Treitschke), Cnephasia stephensiana 
and Olethreutes lacunaria (D. & S.).
3.2.1.4 Se£h_p£edation

Flowerheads which successfully evade defloration usually face the risk 
of fruit/seed predation. Seeds have a high nutrient value per unit volume, 
and this together with the frequent absence of toxic compounds makes them a 
highly desirable food source for herbivores. Janzen (1971a) lists the many 
families which tap this store. The evolutionary responses of plants to 
seed predation fall into various categories, for example thicker seed coats 
and pericarps give seme protection if only by increasing the predators 
handling time and reducing the net energy gained because of energy loss in
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dehusking (e.g. Elliot, 1974). Awns and spines can also prevent predation 
but may have various other functions, including seed burial. A reduction 
in seed size can make evasion easier and also creates a high ratio of 
search effort per unit reward particularly for post-dispersal predators 
(e.g. Janzen, 1969), but at the cost of reduced seedling ccmpetitiveness. 
Same seeds are toxic and may contain between 1-10% of such chemicals as 
selenium, cyanogenic glycosides, saponins, gossypol, alkaloids, endo- 
peptidase inhibitors etc. Other strategies for seed protection used by 
plants include escape in space and predator satiation (Janzen, 1971b, 1976; 
DeSteven, 1981).

Seed predators fall into three main categories: those which feed with
in the pod prior to dispersal, predispersal external feeders; and post
dispersal predators. Predispersal predation has the advantage to the 
herbivore that seeds en masse are more readily detected and more 
energetically rewarding, this is particularly important to snail, short
lived predators (i.e. insects). Numerous studies have quantified predation 
intensity which ranges up to 100% (e.g. Breedlove & Ehrlich, 1968, 1972; 
Dolinger, 1973; Shapiro, 1974b, 1975b; Wiklund & Ahrberg, 1978; Courtney, 
1980). However, fewer studies have examined the subsequent effect on seed
ling numbers/plant density. It appears that dramatic seed loss may have 
negligible effects on the long term dynamics of a number of plant species 
(e.g. Holloway, 1964). The outcome of seed predation depends on a number 
of factors, for example, density dependent mortality at a later stage may 
nullify the effect in a given year as will a highly persistent seed bank; 
high seed immigration rates frcm other areas, a mixed age structure in the 
population and iteroparous reproduction are further factors which reduce 
the potentially catastrophic effects of seed predation.

Circumstances in which seed predation is important include those where 
germination sites are so scarce that a very large pool of seeds is needed 
in order that by chance same actually find the available microsites (e.g. 
Breedlove & Ehrlich, 1968), and cases where the spatial distribution of the 
population is affected (e.g. Thompson, 1978).

Post dispersal seed predation by birds and mammals is commoner than by. 
insects. The dispersal of seeds from the parental sources follows the 
traditional MacArthur-Wilson colonization curve. Although seed density and 
distance from source are therefore correlated, sane predators appear to 
intensify their search with respect to seed density (e.g. Wilson & Janzen,
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1972) whilst others are distance responsive (see Crawley, 1983, p.74).
Again such predators can be iinportant in shaping plant distribution (Clark 
& Clark, 1984).

The seed predators of C. pratensis act prior to seed dispersal and are 
insects. The eggs of Anthocharis cardamines are laid at the flower/bud 
stage, but the animal is most destructive in its 5th instar, by which time 
the stalk consists entirely of pods. It is therefore mainly an external 
seed predator, though if the pods alone provide insufficient food, the 
remainder of the stalk and foliage may be eaten. C. pratensis seeds are 
also attacked by several species which develop within the pod. Adela 
rufimitrella (Scop.) an incurvariid moth oviposits on the immature pods and 
the 1st instar mines its way inside, feeding on the seeds at the same time 
as creating a seed case for itself. At dehiscence the larva is thrown to 
the ground, where development is thought to continue in the humus layer 
(Chapman, 1891). Four species of Ceutorhynchus weevils (Curculionoidea) 
are associated with C. pratensis and lay their eggs in the flower buds.
The larva feed voraciously on the seeds. Weevil oviposition holes may also 
facilitate egg laying by a cecidomyiid which inhabits the pods.

The aim of this section of work was to construct a life table for seed 
production in C. pratensis, which could both provide an estimate of 
fecundity for the calculation of 'r' and quantify the extent of seed pre
dation by A. cardamines.
3.2.2 Methods and Results
(i) The contribution of Anthocharis cardamines to seed and pod loss in 

Cardamine pratensis compared with other mortality factors
(1) Method

Flowerstalks with and without A. cardamines eggs were tagged at the 
bud and flower stage, and the number of florets per stalk counted. Prior 
to dehiscence, the stalks were collected in, pods dissected and causes of 
seed and pod mortality assessed. At the Kissing Gate and Rush Meadow many 
pods dehisced before the last 5th instars left their host plants, so the 
seed data are not included for these two sites.
(2) Results_

The results are summarized in Fig. 3.2a-d as plots of Loge Seed (or 
Pods) surviving. The initial number of buds is set arbitrarily at In 
(maximum buds) = 5.0 for Rush Meadow, Kissing Gate and Holyport, and In = 
3.0 at Binfield. Thereafter the difference in height between the
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Fig. 3.2 Histograms to show seed survivorship on flower- . 
stalks with and without A. cardamines eggs .

□  = control = with eggs

a) Binfield 1981.1 In = 431 buds, Ke = 1.62 (s = 19.87%);
YZ\n = 973 buds, Ke = 2.5 (s = 8.19%).

b) Holyport 1982. | |n = 1125 buds, Ke = 2.93 (s = 5.35%);
Y7An = 1672 buds, Ke = 4.3 (s = 1.36%).

c) Rush Meadow 1982. | I n = 445 buds, Ke = 2.6 (s= h 4%);
Y//1 n = 727 buds, Ke = 3.25 (s= 3.9%).

d) Kissing GSte 1982.! In = 997 buds, Ke = 3.27 (s = 3.82%);
Y/y\ n = 1065 buds, Ke = 4.4 (s = 1.23%).

KEY TO MORTALITY FACTORS (x axis) :
Max (Binfield and Holyport) = maximum fecundity per stalk:
5 0 buds x 32 seeds per pod and 61 buds x 28 seeds per pod 
respectively. Max (Rush Meadow and Kissing Gate) = maximum 
buds per stalk, 27 and 68 respectively. F.D. = ’fecundity 
depression1, the shortfall in buds produced; rab, slug, lep, 
A. c = mortality due to rabbits, slugs, lepidopteran larvae 
and A. cardamines respectively; poll, fail = pollination 
failure; int. feed = pod attack by internal feeders; f.f = 
fertilisation failure of loculi; seed loss = loss due to int 
feed and f.f.
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successive blocks of a given treatment reflects the k-value (in natural 
logs) of the mortality factors shown on the x-axis. The maximum figures 
for buds per stalk and seeds per pod (used to calculate bud shortfall and 
pod size depression/fertilization failure) vary frcm site to site as in
dicated in the figure legend. The k-value data are listed in Appendix 
59a-d.

A) Assessment of direct damage by Anthocharis cardamines
Two components will govern the total pod loss caused by A. 

cardamines; the percentage of flowerstalks which receive eggs, (6, 21, 10 
and 10% at Binfield, Kissing Gate, Rush Meadow and Holyport respectively); 
and the extent of damage on those stalks (and stalks within migration 
radius). The latter component is governed by the survivorship curve of 
larvae at a given site. The greatest proportion of pods were lost to A. 
cardamines at Holyport, where egg survivorship to 5th instar was 16.3% in 
1982. Seed survivorship at the site was almost quadrupled in unattacked as 
compared to attacked stalks (survivorship was 5.35 and 1.36% respectively). 
In the same year at the Kissing Gate larval survivorship was lower (8.9%), 
and the difference in pod survivorship between attacked and unattacked 
stalks was only threefold (1.23 and 3.82% respectively). With egg 
survivorship at 2% in Rush Meadow, there was less than a twofold difference 
in pod survivorship (7.4 and 3.9% for unattacked and attacked pods respect
ively) .

Overall, taking into account the percentage of egg-infested 
plants and the differential survivorship of seeds on infested and non- 
inf ested stalks, A. cardamines causes shortfalls at the Kissing Gate, Holy- 
port, Rush Meadow and Binfield of 14, 7.5, 5 and 3% respectively in the 
predicted seed production of the £. pratensis population in the absence of 
the butterfly.

Examination of the k-values at the different sites shows that 
within the egg-infested stalks category A. cardamines is the major pod/seed 
predator at Holyport, but only the second most important seed predator at 
the other three sites. For the Cardamine population as a whole, the 
greater abundance of the internal seed feeders (particularly the moth Adela 
rufimitrella and the weevils Ceutorhynchus sp.) makes them the major 
mortality factor in the years and sites studied. In estimating the effects 
of the internal seed feeders it has been assumed that no viable seeds 
survive in the infested pods by the time of dehiscence.

Observations in 1981 and 1983, suggest that the role of slugs
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is probably underestimated at Kissing Gate and Rush Meadow, due to the dry 
weather during the 'bud' phase of the plants in 1982.

B) The determinants of seed complement
For Holyport it is possible to distinguish between seed loss 

due to internal seed feeders and 'loss' due to pods not reaching the maxi
mum pod size and not producing the maximum seed complement, because the 
number of seeds in the insect-free pods was accounted separately from the 
seeds in the infested pods. At this site the contribution by endopredators 
to the total mortality was small relative to size depression.

At Binfield the origin of the seed (an infested or non-infested 
pod) was not noted, hence damage due to weevils etc. and the lumped effect 
of pod size and weevils can be assessed, but an independent assessment of 
pod size effects alone cannot be given. Seme comparative data were 
collected on the number of seeds per pod in three size classes of pods, for 
pods with and without endopredators (but classification into egg-bearing 
and non-egg-bearing stalks was not made) (see Fig. 3.3).

The mean pod length per flowerstalk in the Holyport controls is 
negatively correlated with the total number of florets on a stalk at the 
beginning of the season (r = -.386, df = 48, p < .01) (see Fig. 3.4); but 
not with the number of fertile pods produced (r = -.259). Hence resource
allocation determining pod size may be set at a relatively early stage.
Certainly there is no evidence that the size of surviving pods is increased 
to compensate for the loss of the more mature pods to Orange-Tips; the mean 
pod size per stalk was 16.87 + .48 (n = 50) for caterpillar free stalks
compared with 16 + .85 (n = 38) for stalks with larvae (t = 1.37, NS) (see
Fig. 3.5).

The next stage at which compensation for damaged pods could 
occur (given that pod length is predetermined) is in the number of seeds 
produced per pod. Whether fertilization success limits such compensation 
or whether seed development is more flexible is unknown. For Orange-Tip 
infested and non-infested stalks, there was no significant difference in 
the slopes or intercepts of two regression lines for the effect of pod 
length on the mean number of seeds per pod (see Fig. 3.6a & b). For 
regression of the maximum number of seeds per pod against pod length, there 
was however a significant difference in the intercept between the two types 
of stalks (see Fig. 3.6c & d). The maximum number of seeds for a pod of 
given length was lower in the infested stalks, perhaps due to differential 
pod predation by the Orange Tip, or perhaps indirectly due to the
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Fig. 3.3 comparison of seed number per pod for pods with and 
without endopredators in three pod size classes.

K e y : □  =f without endopredators m n u  with endopredators
a) Small pod := 0 - 15mm long,-NS b) Medium pod = 16 - 25mm 
long,t = 5.76 p < . 0 0 5  c) Largd p o d  = 26mm + , t = 10.56 
p <  .005.
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P.egression equation is; y = 19.2 - 0.105x ; r 2 = 1 4 . 9 % ,
F (1,4 8) = 8 . 4  p < . 0 1

F i g .  3 . 4  R e l a t i o n s h i p  b e t w e e n  mean pod l e n g t h  p e r  s t a l k

and t o t a l  f l o r e t s  p e r  s t a l k  a t  s t a r t  o f  s e a s o n .

Fig. 3.5 comparison of pod size and seed production in e g g 
bearing and egg-free stalks.
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Fig. 3.6 Holyport 1982. Relationship between mean number 
of seeds per pod- and po d  length (mm) for a) stalks 
attacked b y  A. cardamines b)stalks not attacked 
by A. c. Relationship between maximum number of 
seeds per pod and pod length (mm) for c) stalks 
attacked b y  A. c d)stalks not attacked b y  A.c.

Regression eguations:
a) y = 0.7x - 2.62 r a = 84.9% F (1,130) = 168.8
b) y = 0.66x - 1.97 r z = 95.2% £(1, 23) = 454.7
c) y = 0.78x - 0.212 r* = 83.1% f (1,30) = 147.5
d) y = 4.5 + 0.76x r* = 76.2% F(l,24) = 76.8
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additional grazing pressure exerted on the foliage by Orange Tips. The raw 
data are given in Appendix 60.
(ii) Effect of flowerstalk density and distribution on larval damage to the 

stalks in Pond Field 1981
(1) Design

3 x 2 x 2  factorial:
Treatment A) Levels of plant density

1) Low - 1 plant per sq m
2) Medium - 2-5 stalks
3) High - 6-16 stalks

Treatment B) Patterns of plant distribution
1) Sparse - nearest plant to the quadrat further than 1

metre
2) Aggregated - neighbouring plants in adjacent quadrats 

Treatment C) Levels of infestation
1) Control - kept egg and larvae free
2) Infested - one larva per stalk

10 replicates per treatment at low and medium density, 5 at high 
density.

(2) Method
Infestation was randomly allotted to plots using map coordinates.

Each plant was individually numbered (351 plants) and undamaged and damaged 
buds, flowers and pods counted (4878 florets). Larvae were transplanted 
from culture onto the stalks as 3rd instars. Plants were harvested once 
all larvae had disappeared and before dehiscence of the seed pods. The 
pods were counted again, height and dry weight of stalks measured, damage 
by slugs, larvae and weevils assessed.
(3) R esu lt^

A) Effects of flowerstalk density and distribution on initial state of 
the flowerstalk
a) Total florets_ per stalk {mean per_ replicate)

Flowerstalk density did not significantly influence the com
plement of buds per stalk recorded at the start of the experiment, though 
the trend towards a higher number of buds with increasing density was 
found. Thus it might be expected that for a given density of flowerstalks, 
the aggregated stalks (which are at a higher relative density than sparse 
stalks) should have more buds per stalk than the sparse stalks.

However at high stalk density, where there is a significant
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difference between the number of buds per stalk in the sparse and aggre
gated plots, the sparse stalks have the greater number of florets (see 
Appendix 61a).

b) Proportionjcf_ florets per £talk _hnean per replicate)_a nd stalks_ 
per replicate damaged by_slugs

Proportion of damaged florets increases significantly with 
increasing stalk density (see Appendix 61b). The attack rate per stalk 
does not however significantly differ with density (or distribution), the 
trend is nevertheless towards greater attack at higher density (see 
Appendix 61c).

B) Effects of flowerstalk density and distribution on final state of
the flowerstalk (control plants only)

As flowerstalk density categories contained variable numbers of 
flowerstalks, a 3-way ANOVA was performed to check that no bias had arisen 
at the start of the experiment in densities per replicate with respect to 
the infestation and distribution treatments. There was no bias as only 
density gave a significant F-value -ĵ g = 662.5, p < .005).

a) Proportion_of initi_a_l fdorets per replicate damaged by_slugs
Appendix 61d shows that there was no significant effect of 

density or distribution on the proportion of florets suffering slug damage 
by the time of harvest. The F-value for density however is only just below 
that required for significance at the 5% level, and as at the start of the 
experiment, the trend is one of increasing attack with increasing density. 
Over the course of the experiment the overall percentage of slug damaged 
florets rose from 17.6% to 45.8%.

b) Proportionjaf infertile pods_produced per replicate_
Neither density nor distribution had a significant effect on 

the proportion of infertile pods produced (see Appendix 61e).
c) Proportionjof_ f_ertil£ pods_produ£ed per replicate

Only the interaction term for distribution and density had a 
significant F-value (see Appendix 61f), but a consistent trend is not found 
amongst the treatments. The result is puzzling, since if slug damage in
creases with density, proportionally pod production would be expected to 
decrease (assuming that infertility remains constant with density).

d) £e£d_p£oduction per_ flowerstalk
Of 1106 fertile pods dissected only 14 were not extensively 

damaged by endopredators (1.26%), which meant that a seed production 
assessment was not possible from a count of the seeds surviving to
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maturity. Seed scar counting had not been adopted as a method at this 
stage. Pod size was however assessed, range of size was between 0.5 cm and
3.5 cm, three size categories 0.6-1.5, 1.6-2.5, 2.6-3.5+ were used. There 
was no detectable change in the proportion of pods in each size category 
with change in density and distribution, statistical tests have not there
fore been carried out (see Appendix 61g). Mean pods per stalk in each size 
class for each treatment are shown in Fig. 3.7. A 'seed productivity 
score' has been calculated for each treatment by multiplying mean number of 
pods in the small class by 1, in the medium class by 2 and the large class 
by 3, and then summing the result. 1, 2 and 3 represent the mid-range 
length in centimeters for each of the size classes and length is assumed 
here to be linearly proportional to seed productivity. The seed product
ivity scores do not follow a trend (see Appendix 61g).

C) Effects of flowerstalk density, distribution and infestation level
on final state of the flowerstalk

For reasons explained in (Bd) seed production was not assessed 
and though ideally it should have been the measure of the extent of larval 
damage, other variables are used instead:-

a ) Nunt>er_of_ f©£tile_ pods_surviv^ing_per_s_tal_k
There is a highly significant difference in the number of 

pods remaining in control and infested plants, and no evidence of compen
satory regrowth by the plants (see Appendix 61h & Fig. 3.8). There is a 
non-significant trend towards more pods being left at higher density.

b) Number_of_ infertile pods_surviving_per_s^al_k
Only infestation treatment levels give a significant differ

ence for infertile pods surviving (see Appendix 61i).
c) Dry weight_of flow£r£talk_ £emining (g)

Not surprisingly larval attack significantly reduces the 
flowerstalk weight remaining, as in most cases very little of the stalk, 
let alone the reproductive structures, was left (see Appendix 61j).
Further analysis of the interaction effect between infestation and plant 
density (see Fig. 3.9a) shows a trend of increasing weight remaining with 
increasing density for the infested flowerstalks, compared to a decreasing 
weight with density for the controls. Vfeight remaining for the high 
density control and infested plants is not significantly different at c(= 
.05, whilst for other densities it is.

d ) Length__of_ flow^rstalk remining
Although length and weight are correlated, length shows
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Fig. 3.7 Histogram to show the effect' of stalk density and 
distribution on number of pods in different size ‘ 
classes remaining on the controls, Pond Field 1981.
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d e n s i t y  a n d  d i s t r i b u t i o n

F i g . 3.8 Histograms to demonstrate that C. pratensis does not 
compensate for damage caused by larval feeding, ir
respective of stalk density or distribution.
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F i g . 3.9 To show effect of stalk density and attack by
A. cardamines larvae on a) stalk weight (gms) and 
b) stalk height (cm) of C. pratensis using least 
significant difference analysis.
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greater sensitivity as a measure of larval damage. All the pods on a stalk 
are usually eaten by the larva, but the amount of stalk and rosette foliage 
eaten is more variable. As most of the stalk weight is in the pods, the 
relatively smaller changes in stalk remaining are masked when weight is 
considered, but beccme apparent when length is measured.

Thus infestation, density and the interaction of the two 
have a significant effect on damage as assessed by stalk length (see 
Appendix 61k). The interaction means are shown in Fig. 3.9b. The control 
means all differ significantly from the experimental means, but do not 
differ within the control treatment (unlike the trend seen for weight).
This is due to the nature of slug grazing, whereby reproductive units are 
removed but the stalk itself is left untouched, hence weight will vary but 
length will not. In contrast the larvae eat both pods and stalk and this 
varies with density.

e ) let-bearing_nodes_on the flowersstalks
The results are presented in Appendix 61 1. Node number is 

significantly affected by infestation, as the highly damaged plants have no 
stalk remaining frcm which to produce nodes. Other treatments have no 
significant effect.

f) Residence time_of_ larvae_on_ the_ flower^talk
Neither pattern nor density significantly affected the 

estimated residence time of the larva (see Appendix 61m). There was a 
trend of increasing residence time with stalk density. It might be 
expected that mobility would increase in the denser plots, the checking of 
larvae was too infrequent to distinguish whether the same larva was present 
on the high density stalks, or whether it was an immigrant frcm one of the 
other stalks. The longer residence time at high density conflicts with the 
trend of less damage to the plant at high density.
(iii) Effect of flowerstalk density on pod production, seed production and 

response to early removal of developing corymbs in Holyport Field, 
1982

( 1 )  D e s i g n

2 x 3 x 2  split plot with 4 replicates (60+ fs per treatment) at high 
and 20 replicates at low density 
Treatment A) Levels of flowerstalk density

1) Low - one stalk per sq m
2) High - 15-25 stalks
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Treatment B) Levels of treatment
1) All corymbs removed
2) Control
At high density, there was an additional treatment:
3) Alternate stalks cut, remainder left intact

Treatment C) Harvesting date
1) Early - seed set 3/6/82
2) Late - 6/7/82

(2) Method
Control plants were individually tagged and numbered, whilst treated 

ones were tagged and the stem cut just below the base of each corymb.
Measurements made are given in Table 3.1.

(3) Result^
A) Effect of density on seed production

a) Effects^ on_ini^ial_florete_and_in.flo£es_cen£e£ per flowerstalk_
Flowerstalks at high density had a mean of 24.87 (+ .796) 

florets per stalk (n = 360), which was significantly higher (t = 2.22, df = 
210, = .027) than the mean of 22.01 (+ 1.006) florets per stalk (n = 88)
from low density stalks. This is correlated with a significantly greater 
number of inflorescences per stalk at high density, 1.961 + .072 (n = 360) 
compared to 1.432 + .088 inflorescences per stalk at low density (n = 88), 
t = 4.56, df = 216, (X = .000. For low density stalks 52.8% of the 
variation in the number of florets per stalk is explained by number of in
florescences, (n = 88, r = .727, p < .005).

Though number of florets per stalk differs with density, the 
weight of the flower heads removed (from the cut plants) is not signi
ficantly different (74.13 + 5.13 mg dry weight for high density stalks (n = 
120) compared to 79.56 + 5.29 mg for low density stalks (n = 43), (t =
.737, df = 120, NS)).

b) jEffecte on_fI1owerstal_k__age
Flower heads from the treated stalks were categorised into 

the standard five age classes used elsewhere. The median scores for low 
and high density stalks were 2.5 (n = 44) and 2.0 (n = 174) respectively. 
Using a Mann-Witney test, this difference was found to be significant at 
the .0024 level, W = 5951.0.

c) Ef£ects_ on_proportion of_florets_with weevi_l_ovipo£i^tion_holes
Examination of the flower heads from treated flowerstalks 

revealed .237 + .02 (n = 44) of all buds and flowers on low density stalks



264.

Table 3.1 : Variables measured in Holyport Field experiment 1982.

A) When tagged

1) Height (cm) to the base of the most distal floret
2) Height when cut
3) Total number of florets
4) Number of inflorescences
5) Indication of prior rabbit grazing

B) When harvested

i) Harvest 1 & 2

1) Height (cm)
2) Total florets
3) Number of inflorescences
4) Infertile pods (including slug damaged)
5) Fertile pods - a) undamaged

b) damaged by Ceutorhynchus larvae 
Adela ruf imitrella 
Cecidomiid maggots

6) Peduncle only remaining
7) Seeds remaining per pod
8) Lengths of pods (mm)
9) Dry weight of flowerstalk remaining

ii) Harvest 2 only

1) Foliage dry weight per plant
2) Rhizcme dry weight per plant
3) Lateral root dry weight per plant

C) On cuttings from treated plants

1) Age of stalk
2) Number of undamaged and number of weevil oviposited florets
3) Dry weight of corymb



265.

had oviposition holes, for high density stalks the figure was .221 + .013 
(n = 174). A t-test on arc-sine transformed data showed no significant 
difference between the means (t = -.848, df = 83, NS).

Particularly in age category 1, oviposition marks were 
restricted to the outermost ring of buds in the inflorescence, which 
suggests that accessibility was restricted until corymb elongation began.

There was no correlation between the number of florets on a 
flowerstalk and the proportion attacked by weevils.

d ) Efj[ect_of_ density on_mean pod l^engyh/syalk
Treatment No. stalks Mean pod length (irm) S.E.

High Control 58 16.09 0.458
Low Control 17 16.70 0.951
High-Half Cut 27 15.29 0.554

The differences in length between high and low density, and 
high controls and half treated are not significant (t = -.58, df = 23, p < 
.568 and t = 1.12, df = 60, p < .267 respectively).

e) Effect_on pod survivorship_and_seed product.ion 
Rabbit grazing

An estimate of rabbit grazing early in the season was made 
for high density flowerstalks only (it is virtually impossible to sample 
for low density 'stumps'). 15.42% of stalks had been grazed in part or 
completely (n = 389) at the start of flowering, this rose to 19.0% by the 
time of harvest. Rabbit grazing is not included in the survivorship data 
which follow.

Estimates of potential fecundity 
Max 1
Max 1 = Maximum florets/stalk (A) x maximum seed/pod (B) x number 

of flowerstalks 
where (A) = 107; (B) = 26

Max 2
Max 2 = 2 ( z pod lengths) x total florets at start

No. of fertile pods

Max 3
Max 3 is calculated using the relationship between pod length and 
the maximum number of seeds found in a pod of given length, as 
shown in Fig. 3.6d. A maximum is calculated for the surviving 
fertile pods using pod length frcm which an average maximum value 
per pod is calculated. This is multiplied by the number of
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florets at the start, i.e. it is assumed that the pod size dis
tribution of the failed florets is the same as of the successful 
florets (this can not be tested from the data). The means used 
were 17.43, 16.66 and 15.86 for low, high and high-half cut 
respectively.
Pod survivorship and seed production

Fig. 3.10 shows survivorship of potential seed for low, high 
and manipulated density flowerstalks after each of the mortality factors on 
the abscissa has acted. The difference between Ml and M3 mostly represents 
the shortfall in bud production with a smaller component of pod size 
depression. Given the distribution of pod sizes observed, M2 is the 
maximum number of seeds which could be produced if seeds are packed tightly 
side by side (each seed is 1 mm diameter).

Two estimates of eventual seed survivorship are given. 'A' 
is the quantity of seed present in all the fertile pods (irrespective of 
whether or not the pods contain internal seed predators) at the time of 
harvest and dissection. As harvesting must necessarily precede dehiscence, 
damage assessment is bound to be an underestimate, and distinction between 
seed predator damage and fertilization failure is not possible. In con
trast, estimate 'B' provides an overestimate of damage by assuming that 
only the seed present in unoccupied pods survives to dehiscence, hence the 
difference between the seed count in the intact pods and the number of such 
pods multiplied by the mean maximum seeds per pod is an estimate of ferti
lisation failure.

The data are listed in Appendix 62.
Comparisons between mortalities incurred on high and low 

density stalks are made in Appendix 62 using the S.E. of a binomial distri
bution. Overall pod death is higher at high density, but when flower head 
density was halved experimentally the bud death rate fell below that for 
low density stalks. Abortion is lower at high density, whilst pollination 
failure is higher. The proportion of floret deaths due to internal seed 
predators does not significantly differ between densities, but the pro
portion of fertile pods attacked at higher density is significantly 
greater.

f) Number_o_f int_emal_se_ed predators
Frcm Fig. 3.11 the long-horn moth larvae are seen to be the 

most abundant endopredator. Cecidomyid infestation was rare and even when 
present the larvae did not occur in the high numbers per pod (10-20)
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Fig. 3.10 To show the effect of stalk density on pod and 
seed survivorship.

K E Y : A) L ow density stalks (4 p e r  sq. m) , n = 325 pods
B) High density stalks (60 - 100 per sq. m ) , n=1608

pods
C) High density stalks with half the inflorescences 

removed, n = 494 pods.
MORTALITY F A C T O R S : AB = abortion; lep = lepidopteran larvae 
poll fail = pollination failure. For M ,A l , B l , B2 see text.
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Fig. 3.11 To show the mean number of internal seed predators 
per flowerstalk for a) low density stalks (4/m2 ) , 
n = 17 stalks b)hi~gh density stalks (OO-lOO/m* ) , 
n = 58 stalks c)high density half cut stalks, 
n = 27 stalks.

KEY: W = Ceutorhvnchus spp. larvae; A = Adela rafimitrella
larvae; c = cecidomyiid larvae.
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observed at other sites. Only the weevils seemed to distinguish between 
stalk densities in their oviposition response.

B) Effect of treatment on growth responses and seed production
a) Number_of fertile, pods

Flowerstalks did not respond to bud removal and thus there 
are significant differences in fertile pod production between cutting 
treatments at both densities (see ANOVA results in Appendix 63). At high 
density where both harvests are considered, stalks from the second harvest 
were assessed as having fewer pods, which is obviously an artefact due to, 
post-dehiscence but pre-harvest damage, of the more brittle stalks. In the 
harvest 1 half-cut uncut stalks, there is a below average (for high 
density) number of fertile pods. This reflects that there was also a below 
average number of florets per stalk initially (the reason for which is un
known) .

b) ^e^d_p£odu£tion_
This is analysed within densities and within harvest 1 only. 

Appendix 63 gives the mean seed production per stalk and analysis of 
variance for high density. A t-test on the means for control stalks and 
uncut, half-treated stalks shows that the control stalks have a signi
ficantly greater output ( ^ =  .005, 81 df, t = 4.099).

Low density results are also given in Appendix 63.
c) Change_in £lowerstalk length

Data are only available for high density stalks (the 
original low density controls having been lost to vandals). The data have 
not been transformed (as they should have been) because of the negative 
values (due to shrinkage) for sane of the cut stalks.

Removal of the flower head did not result in any compen
satory shoot growth detectable by length change (see Appendix 63).

C) Effect of treatments on components of plant weight (high density
only)
a) Stalk we£ght_per_flowers£a_lk

As the flowerstalks did not respond to treatment by any 
additional stalk growth, the difference in stalk dry weight (mg) between 
control stalks and those that were cut (with the dry weight of cut flower 
head added back in) represents the resource allocation to pod and seed pro
duction. A further estimate of this allocation is obtained by comparing 
dry weights of control stalks from the first harvest (when pods and seeds 
were present) with those from the second harvest (after seeds and pod
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valves had been lost, with only the septum remaining). The estimate is 
that approximately 200 mg dry weight is allocated to pod and seed product
ion by high density stalks (see Appendix 64a), while less than 100 mg dry 
weight is allocated by low density stalks (see Appendix 64b).

Low density control stalks were not significantly heavier 
than the cut stalks, but a bias may have crept into the experiment in that 
the cut stalks were originally chosen at random, whilst the controls were a 
selection of stalks that could be found at harvest 1 (the originals were 
destroyed by vandals), and these may have been lighter than the originals, 
as later flowering stalks often are.

b) Stalk we^ght_per_plant (with cuttings added)
Harvest 1 was made very speedily (due to the threat of 

further interference) and whole plants were not dug up, so that 'per plant' 
data are only available for harvest 2. The stalk weights per plant are 
each multiplied by the appropriate ratio (according to treatment) of mean 
flowerstalk weight (per f.s) for harvest 1 divided by mean flowerstalk 
weight for harvest 2. This underestimates the weight of plants which have 
additional stalks outside of the quadrat in which cutting occurred, but in 
most cases gives a fair estimate of stalk weights per plant at the time of 
seed set.

Analysis of variance shows significant differences in stalk 
weight per plant and per flowerstalk (see Appendix 64c). An ANOVA on the 
raw data for harvest 2 shows no significant weight difference between 
treatments, because by this time, the seeds have been shed.

c) Ros_ette foliage weight_per_pl_ant
Mean foliage weight per plant differed significantly with 

treatment, control plants producing the most foliage, then half-cut, and 
all cut produced least (see Appendix 64d).

d ) TotajL £Oot_w£ight: per plant
Both rhizome weight and lateral root weight were measured, 

but ANOVA's on both variables showed no significant effect of treatment. 
Summing both kinds of root weight and reanalysing showed no significant 
effect of treatment on total root weights per plant (see Appendix 64e &
Fig. 3.12a).

e ) Rcot^_ shco_t ratio per plant:
Shoot weight includes the flowerstalk weights plus any 

cuttings multiplied by the seed/pod loss conversion ratio, all added to 
rosette foliage weight. The greatest differences in R/S ratio are between
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Fig. 3.12 Histograms to show effect of early bud removal on
--------— - a) total dry root weight (mg) b) root: shoot ratios

All samples taken from areas of stalk density 
ranging between 60 — 120 stalks per square metre.

a)

b )
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control treatments where root is lighter than shoot and the all cut treat
ment where (not surprisingly) the root is heavier than the shoot (see 
Appendix 64f & Fig. 3.12b).

D) Distribution of flowerstalks per plant
The mean number of flowerstalks per plant was 1.37 + .059 (n = 

180), the distribution is shown in the histogram in Fig. 3.13. Three- 
quarters of the plants dug up had only a single flowerstalk.
(iv) Effect of flowerstalk density on pod production, seed production and

dry stalk weight at Warfield, 1982
(1) Design

Density 'Treatment' n = 30 stalks
1) 4 fs/m2
2) 40-60 fs/m2

(2) Method
Patches of high density stalks were located and one or two randomly 

picked from each patch using a child's rhyme. Low density stalks were 
found by a random walk. Stalks were examined in the laboratory.

Measurements made are shown in Table 3.2.
(3) Results

A) Effects on pod production
Fig. 3.14a shows that at this site, density has a significant 

effect on the number of buds initiated per flowerstalk, with production 
greater at high density. This may arise from the significantly higher 
number of inflorescences per stalk at high density as compared to low 
density, 4.2 + 0.36 to 2.03 + 0.33 respectively (t = 4.49, p < .005, 58 
df).

However, if we assume that presence of an endopredator in a pod 
is equivalent to pod death (in the sense that all pod contents are killed), 
then bud to 'pod dehiscence' survivorship is significantly higher for buds 
on low density flowerstalks (see Appendix 65). Bud abortion, pollination 
failure and attack by generalist lepidopteran larvae are all significantly 
higher for low density buds, but this is offset by the much increased 
attack rate of endopredators on the high density stalks, (where attack by 
Ceutorhynchus sp. and A. rufimitrella occurs at about the same rate; see 
Fig. 3.15).

B) Effects on seed production
Fig. 3.16 and the corresponding Appendix 66 show the compound 

effects of differential bud production and bud survivorship on seed pro-
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Fig. 3.13 Histogram to show distribution of flower stalks 

per p lant for a sample of plants taken in 

Holyport Field 1982.

number of flowerstalks per plant
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Table 3,2 : Measurements made at the Warfield site.

1) Number of inflorescences.

2) Fertile pods.

3) Infertile pods.

4) Pedicels only remaining.

5) Seeds per pod.

6) Number of pods infested by Ceutorhynchus larvae and M e l a  ruf imitrella 
larvae.
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Fig. 3.14 Effect of stalk density on a) mean bud production 
per flower stalk b) flower stalk dry weight(mg)
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Fig. 3.15 Histogram to show d istribution of internal seed 
predators in a sample of pods from high density 
flower stalks (n 526 pods) .

KEY: 0 = unattached; 1W = 1 weevil larva/pod; 2w = 2 wee-
vil/pod; 1 a  = 1 Adel a larva/pod; W + A  = one of each/ 
pod.
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Fig. 3.16 Pooled seed survivorship data compared for high and 
low density flowerstalks at Warfield 1982.

Key to mortalities: max = maximum fecundity per f lowers talk;
f.d. = fecundity depression; abort. = abortion rate; lep. larv. 
= mortality due to lepi)dopteran larvae; poll. fail. = pollin
ation failure; int = pod attack by internal feeders; fert. 
fail = fertilisation failure of loculii.
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duction for stalks at the two densities. Ihe end result is that seed 
survivorship is very similar for both categories. High density stalks 
produce more buds but fewer seeds per pod in the surviving pods than low 
density stalks. The estimate of mortality in part (a) of the tables is 
probably more realistic than (b), because the accuracy of the estimate is 
constrained by the need to sample before dehiscence begins.

Fortunately as the lepidopteran larvae tend to remove buds 
before A. rufimitrella and (most) weevil oviposition and before pollination 
failure, caterpillar predation does not mask these other effects, as might 
otherwise happen with samples taken at the end of the season. Note that 
slugs were not important at this site in 1982, and that the intensity of 
rabbit grazing was not estimated.

C) Effects on stalk dry weight
Fig. 3.14b shows that density has a significant influence on 

weight. Perhaps unexpectedly, stalks frcm high density patches are heavier 
than frcm low.
(v) Effect of flowerstalk density and herbivore attack on floret survivor

ship and seed production in Pond Field 1982
(1) Design

2 x 2  factorial:-
Treatment A) Levels of stalk density

1) Low - 1 plant per sq m
4 l

2) High - 8-10 flowerstalks per /  ̂sq m 
Treatment B) Levels of herbivore attack

(R)1) None - stalks kept herbivore free using 'Sybol' 2 K

2) Full spectrum - control stalks
5 replicates of each at high density, 30 at low.

(2) Method
Treatment B was randomly assigned using map coordinates. The insect

icide, containing pirimiphos-methyl was applied weekly in the evening.
Each flowerstalk was tagged drawn and each flower code-labelled as to its 
status. Drawings were updated once a week for 4 weeks. A random selection 
of 5 stalks per treatment was then made to examine number of seeds and 
weevil larvae per pod.
(3) Re£ults_

The results of the experiment are summarized in Fig. 3.17 as a plot of 
Loge seed surviving after each of the mortality factors (listed on the 
abscissa) has taken its toll. The hatched blocks are for sprayed plants.
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Fig. 3,17 Effect of stalk density on herbivore attack and 
seed survival, Silwood 1982.

K e y ; low density, 4 stalks m"x (right) high density, 40 m"Z' cOn t r o -̂ 
[ I, sprayed Ifflfll with 'Sybol' 2 R. For (low, control) total 
of all submortalities (a k-value) Ke = 3.12 '(survivorship =
4.41%), n = 616 buds; for (low, sprayed) Ke = 3.11 (s = 4.47%), 
n = 626 buds; for (high, control) Ke = 4.05 (s = 1.73%), n =
1086 buds; for (high, sprayed) Ke = 3.18 (s = 4.14%), n = 1051 
buds. Max = maximum fiecundity per stalk: 60 buds x 20 seeds; 
f.d. = ‘fecundity d e p r e s s i o n 1, the-jshortfall in buds produced; 
abort = abortion rate; rab, lep, slug = mortality due to rab
bits, lepidopteran larvae and slugs respectively; poll, fail 
= pollination failure; int. feed = p o d  attack by internal 
feeders; f.f. = fertilisation failure of loculii.
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The starting value is arbitrarily set at Loge = 5 but represents maximum 
fecundity, i.e. the product of the maximum number of buds per flowerstalk 
found in Pond Field in 1982 (60), multiplied by the maximum number of seeds 
per pod (20), multiplied by the sample size of individual flowerstalks. 
Appendix 67a-d lists the k-values (in natural logs) attributable to each of 
the mortality factors in the different treatments, the total K-value and 
seed survivorship figures are given in the legend. The key factors are 
seen to be bud shortfall, slugs, internal feeders (at high density) and 
fertilization failure. Fertilization failure is calculated as the differ
ence between the number of seeds which could potentially have been produced 
by the surviving pods and an estimate of the actual number of seeds pro
duced hence it includes a component of pod size depression as well as vari
ability in fertilization success at different loculii.

A) Mortality factors and density
The effect of flowerstalk density on the extent of mortality 

caused by various factors is examined for control and sprayed stalks in 
Appendix 67e & f respectively. The data for each factor represents the sum 
of bud, flower and pod death. ' t* is calculated using the standard error 
formula for a binomial distribution i.e.

t = p^ - p^ Equation 1

E jS i + E i2 i
nl n2

The estimated proportion of bud shortfall is significantly 
higher (a = .01, df =<$o) for pooled low density flowerstalks (p = .649) 
than for high density (p = .625), however comparison of mean number of buds 
per flowerstalk for 60 randomly chosen high density stalks (x = 22.02 + 
1.27) and 60 low density (x = 20.98 + 1.55) gives no significant difference 
between densities (t = -.514, df ̂ 5rll3, a = .608).

The effects of density on the action of mortality agents is 
consistent between spray treatments. Bud abortion does not significantly 
differ with density for either treatment, rabbits cause significantly more 
mortality at low than at high density. Slugs and internal seed feeders are 
significantly more important at high density, whilst pollination failure is 
low at this site and does not differ between densities. The trends for the 
generalist lepidopteran larvae do however change with spray treatment, in 
control plots low density stalks are attacked significantly more than high 
density stalks, in sprayed plots there is no difference in attack rate with
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density.
The time of death in the developmental history of the in

florescence is shown in Appendix 67g & h. Rabbits in 1982 took mostly 
florets at the pod stage, while the generalist lepidopteran larvae concen
trated on buds. Slugs eat mostly buds in the control plots, and pods in 
the sprayed plots. In all treatments flowers are least at risk and pods 
are most at risk.

B) Mortality factors and insecticide treatment
The effect of insecticide treatment on mortality is examined 

for low and high density plots in Appendix 67i & j respectively. The data 
are again analysed using Equation 1. Bud abortion rate is not signi
ficantly affected by spraying for either density. Rabbit grazing is signi
ficantly reduced in the sprayed stalks as is pollination failure and attack 
by internal seed feeders. Slug grazing is unaffected at high density, and 
increases on sprayed plants at low density, feeding by generalist lepi
dopteran larvae is also unchanged at high density, but decreases with 
spraying at low density.

The risk of bud death decreases with spraying for both low and 
high density stalks. Flowers at low density suffer no greater risk if left 
unsprayed, whilst spraying at high density increases the death rate. Death 
of the fertile pods increases with insecticide at low density and decreases 
at high density (see Appendix 67k & 1).

C) Summary of density and insecticide treatment effects
It was seen in Figure 3.17 that the total K-value for seed 

mortality differed mostly between density treatments rather than spray 
treatments. The histogram in Fig. 3.18 illustrates the treatment effects 
on overall floret survivorship and gives ANOVA results in which density 
effects are shown to be the most important determinant of survivorship, be
cause even though the insecticide is effective it does not compensate for 
the effects of slugs which differ with stalk density.

The mean number of seeds per pod per flowerstalk is shown in 
Fig. 3.19 and analysis demonstrates that this did not vary significantly 
with treatment at the time of pod dissection.
(vi) Effect of slugs and rabbits on pod survivorship and seed production in 

Pond Field 1983
(1) Design

2 x 2  factorial each with 4 replicate plots
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Fig. 3.18 Histogram to show the effect of plant density and 
insecticide application on bud survivorship/ 
Silwood Park 1982.

Results of 2—way ANOVA on arc—sine transformed data: density 
F (1,116) =16 p c .  05; spray F (1,116) =0.48, NS; interaction

F (1,116) = 2.53, NS.

Fig. 3.19 Histogram to show the effect of plant density and 
insecticide on the mean number of seeds per pod.

Mean
No.

Seeds
per
Pod

(±S.E.)

8-0-

6 0 -

40-

20-

TW O - WAY ANOVA

Control

Sprayed

Source F-Ratio Prob.

Density 4 014 •062

Spray 0-160 •694

Interaction 0 053 •821

Low Density High Density
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Treatment A) Levels of slug attack
(R)1) Zero-low - Murphy's 'Slugit'k ' was watered onto plots 

every 4 days at a rate of 8 fl oz in 72 gals to treat 
64 sq m.

2) Uncontrolled
Treatment B) Levels of rabbit attack

1) Zero - 1 m diameter circles of 1.5 cm mesh chicken 
wire placed around the plot with 20 cm footing bent 
outwards and pegged into the ground.

2) Uncontrolled
(2) Method

Treatments were randomly assigned to selected plots. Floret and stalk 
survivorship was monitored, and seed scar counts made at the end of the 
experiment.
(3) Re suits_

Mean seed production per flowerstalk (i.e. total seed production per 
plot/number of flowerstalks at start) is significantly reduced by slug 
grazing (p < .005), but relatively unaffected by rabbit grazing or by the 
interaction of the two (see Appendix 68a). Mean seed production is partly 
the product of shoot survivorship, pod survivorship and seed production per 
surviving pod. Analysis of shoot survivorship shows no significant effects 
of either slugs or rabbits (see Appendix 68b) yet pod survivorship is 
significantly reduced in unfenced plots (see Appendix 68c & Fig. 3.20a). 
Seed production per surviving pod is significantly reduced where slugs are 
present probably via defoliation effects on the size of pod produced (see 
Appendix 68d & Fig. 3.20b). Hence it seems to be the impact of the herbi
vore on seeds per pod which is the main determinant of seed production 
prior to insect seed predator attack.

An alternative means of analysis for the experiment is a life table 
with kQ-values calculated using means from the previous ANOVAs (see Table
3.3 & Fig. 3.21). Potential buds (30) and potential seed per pod (20) are 
the maximum found for the site in 1983. Pollinated flowers represents the 
mean number of pods per surviving stalk in fenced plots with slug 
exclusion; mature pods per survivor is the mean for fenced plots undefended 
against slugs and following this is the mean number of pods per surviving 
stalk exposed to rabbits and slugs. Only 45% of all stalks survive and 
thus mean pods per stalk reduces to 1.58 pods. An unknown factor reduces 
seed production per pod from 20 to 8.07, and in the presence of slugs only
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Fig. 3.20 Histograms to show -bhe effects of slug and rabbit 
grazing on a) proportion of pods surviving per
S-talk b) mean number of seeds per pod.
Silwood Park 1983.

+ = slugs present - = sprayed with molluscicide 
fenced = no rabbits unfenced = free access to rabbits
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Table 3.3 : Life-table to show mortality factors acting on seed production 
in Pond Field experiment 1983.

No./stalk Seed/pod Mortality

Potential buds 30
0.39 Bud shortfall.

Mean buds 20.38
0.40 Pollination failure.

Pollinated flowers 13.62
0.54 Slug grazing.

Mature pods 7.93
0.82 Rabbit grazing.

I f 3.5
0.8 Stalk losses (small

I I 1.58 mammals?).

Potential seed 20
0.91 Seed shortfall (?).

8.07
1.24 Slugs on pod size.

2.34
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Fig. 3.21 To show the results of an experimental evaluation 
of seed mortality due to slugs and rabbits, 
Silwood Park 1983.

KEY: max = 20 seeds/pod x 20 pods/flowerstalk, maximum fec
undity; f.d. = ’fecundity depression', the shortfall.in buds 
produced; poll = pollination failure; slug, :rab, ?? = mort
ality due to slugs, rabbits and unknown cause respectively; 
seed short = seed shortfall due to fertilisation failure;slug 
shortfall due to slugs.
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2.34 seeds/pod are produced. Overall then K0 = 5.09 (s = 0.62%), however 
the survivorship of seed to dehiscence may be lower than this, as seed 
scars will be formed regardless of subsequent insect damage.
3.2.3 Discussion

The results described here show that the impact of the various factors 
which can influence seed production varies from site to site, year to year 
and with local flowerstalk density. With such variability, generalisation 
is difficult though a few underlying principles do emerge frcm the 
analysis.
3.2.3.1 Physi^ological and Ecological_Detanminant£

Due to the difficulty of maintaining permanent markers at the majority 
of sites and also the clonal habit of C. pratensis, little information was 
obtained regarding the flowering frequency of individual plants. At 
Silwood sites approximately 50% of the tagged rosettes flowered in two 
successive years (n = 130) (see Fig. 3.35). As it is unlikely that much 
recruitment occurred frcm seed at the Kissing Gate site, where a closed 
sward of Juncus-associated vegetation occurred, the 7-fold variation in 
flowerstalk density at the site over 3 years would also indicate that the 
rosettes are not all flowering regularly every year - though variation in 
the number of flowerstalks produced by a given rosette undoubtedly also 
contributes to the overall variation. Given that rosettes may potentially 
survive in excess of thirty five years a much longer term study of 
flowering pattern with respect to age is obviously necessary before any 
meaningful interpretations can be made.

The effect of intraspecific competition on flowering in C. pratensis 
was only studied in one experiment (see Fig. 3.30). Over a density range 
frcm 58 to 595 rosettes per square metre, first year plants showed no 
significant difference in the proportion of rosettes which flowered.
Stalks did appear earlier at higher densities but this may be simply an 
artefact of the greater sample size. Further research is needed as to the 
relationship between rosette density and percentage flowering in more 
mature plants. Frcm field observations at various sites there is no 
obvious effect of rosette density on flowering phenology. At Holyport, for 
example the field consistently bore a denser population of C. pratensis 
than the adjacent verge, but in 1982 the modal stalk age on any given date 
was young than that of the verge population, whilst in 1983 it was older 
(see Fig. 3.31). In the Holyport experiment (Section 3.2.2) low density 
stalks flowered earlier than those at high density.
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The nature of the substrate - established sward or bare soil - had no 
effect on phenology or percentage flowering in first year recruits, though 
the longer term study in Pond Field demonstrated that in the absence of 
mowing increased interspecific competition steadily reduced the number of 
flowering rosettes (see Section 3.4.3).

The allocation of resources to bud production is somewhat related to 
flowerstalk density, as at both Warfield and Holyport, where there were
significantly more florets per stalk at high density (40-60 and 60-100

2 • • stalks per m respectively) than at low density, but surprisingly there was
no correlation between the number of florets per stalk and stalk density at 
these or other sites. The high floret production at high density might be 
a response to competition or alternatively perhaps it reflects sane part
icularly vigorous clones or a patch of particularly suitable habitat. It 
is very noticeable that the degree of "floweriness" varies at different 
sites. Strangely, given that no intrasite correlations between number of 
florets and flowerstalk density are found, between sites there is a 
relationship between mean florets per stalk and mean site density (n = 5 
sites where florets were counted rather than scored). This result is 
curious in that site differences in edaphic conditions and in the intensity 
and nature of interspecific competition might be expected to overshadow any 
such relationship to a greater extent than within site variation in these 
same factors, but no intrasite correlation is apparent.

Do flowerstalks vary in their bud production according to time of 
flowering, perhaps to ensure synchrony with pollinator availability? Late 
flowering plants at the Kissing Gate had fewer florets per stalk, but they 
also occurred at lower density than earlier plants, so a number of causal 
explanations are possible. Interestingly in both 1983 and 1985 Dempster 
(pers. comm.) also found a consistent decrease in number of flowers per 
spike between stalks sampled in mid May and those sampled in mid June.

In the current study the difference between the maximum canplement of 
flower buds observed for a single stalk at a site and the actual number of 
buds observed has been termed "bud shortfall" or "fecundity depression" and 
has been included in the seed production life tables as the first 
"mortality" factor. Examination of the life table histograms in Figs. 3.2, 
3.16, 3.17 shows this to be one of the key factors. Further work is 
necessary to elucidate which factors determine the extent of this short
fall. As has already been discussed, it is related to density at certain 
sites (e.g. Holyport and Warfield), but not at others (e.g. Pond Field).



289.

Interestingly, at the Pond Field site where there was no relationship 
between florets per stalk and stalk density, there was also no significant 
difference in bud abortion rates with density (see Appendix 67). However, 
at Holyport and Warfield where high density stalks produce most buds, they 
also have significantly lower abortion rates (p < .005 and < .025 respect
ively) . It might be supposed that in these cases the high density stalks 
are in better physiological condition and hence are more attractive and 
suffer higher attack rates - see later; or conversely to counter the higher 
attack rates experienced at higher density the stalks produce as many buds 
as possible initially. Cause and effect cannot be unravelled from the 
observational data presented here.
3.2.3.1 Mortality Factory

Rabbits are often the first herbivores to attack the flowerstalk, 
thereby causing bud death. Most of the k-values estimated for rabbit- 
caused deaths are low relative to other factors though significant improve
ments in pod production are obtained by fencing (see Fig. 3.20). In Pond 
Field stalk death by rabbits occurred most frequently at the pod stage.
This phenological element may explain the significantly greater stalk 
mortality in the low density stalks, which tended to be located around the 
perimeter of the site on drier ground, with grassier and slightly shorter 
vegetation. By the pod stage, the marshy vegetation in the centre of Pond 
Field had usually grown quite high, and rabbits were reluctant to enter 
tall damp vegetation due to the difficulty of getting their coats dry 
again. Hence the apparent preference of rabbits for low density stalks was 
perhaps more to do with habitat selection, rather than with the density of 
plants per se.

The type of associated vegetation in which low density marginal plants 
are found, may also explain the apparent preference of certain generalist 
lepidopteran larvae for these plants (as noted at Warfield and Pond Field). 
It may also explain the absence of preference at Holyport Field where the 
vegetation was more homogeneous. Application of an insecticide to plants 
in Pond Field reduced the level of lepidopteran attack on low density 
plants to the same as that on high density plants (i.e. extremely low - be
tween 0.1% and 0.3% florets being attacked).

Most of the information on slug damage comes from the Silwood sites, 
which were the wettest of the intensively studied sites. The extent of 
slug damage varied from year to year according to rainfall. In 1982 slugs 
caused substantial reductions in pod production in Pond Field (see Fig.
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3.17), whilst in 1983 no significant difference in pod production was noted 
between slug free and slug inhabited plots (see Fig. 3.20). Even when 
slugs did not decrease pod production, they did significantly reduce the 
seed complement per pod. It is possible that weather conditions restricted 
slug activity to the lower, wetter layers of vegetation where, perhaps 
through defoliating the rosettes, they indirectly reduced the photosynthate 
available for seed production, but we have no data with which to test this 
hypothesis.

In all of the Pond Field studies (see Figs. 3.17 & 3.37) slugs were 
found to aggregate and cause most damage in high density patches of plants, 
but again it is difficult to distinguish between density effects and 
location effects.

Fran the present study pollination success appears to be highly 
variable. In Pond Field most stalks enjoyed a high level of pollination 
success, irrespective of density, whilst in the early flowering plants in 
Sussex few flowers produced pods. At Warfield low density plants were 
significantly less successful than those at high density (p < .025). This 
is to be expected if the pollinators are attracted by visual or olfactory 
stimuli, since these would be more concentrated at high stalk density. 
However in Holyport Field it is the high density stalks which have the 
higher failure rate, patches where flower head density was experimentally 
halved fell between the success rates observed for the high and low density 
plants. This pattern of pollination perhaps suggests a pollinator which 
changes patch after each flower visit, but to discern whether the flowers 
are not pollinated or whether fertilization is suppressed in same way would 
require hand pollination and this was not done.

One of the greatest mortalities during seed production is seed death 
caused by insect larvae feeding within the pod. These were of three types: 
weevil, moth and fly larvae. The moths and weevils were most abundant 
within the pods and most widespread between sites, whilst the rarer 
cecidonyiid larvae occurred at certain sites only and in fewer pods. How
ever, those pods which did contain cecid maggots housed up to twenty in
dividuals. In contrast, there was rarely more than one weevil or moth 
larva per pod. Adela larvae were not always easy to count due to their 
habit of retreating inside the seed itself. A bright light attracted them 
out for a short period but then they generally disappeared again. It is 
likely therefore that the extent of damage by Adela has been under
estimated.
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At Pond Field and Warfield, the internal pod feeders took a signi
ficantly greater toll of seeds from high density plants than frcm low 
density plants, but no significant difference was noted at Holyport Field. 
It appears frcm analysis of seed predator distribution at Holyport Field, 
that it is only the weevil adults which oviposit differentially with 
respect of plant density (see Fig. 3.11). It is possible that, once within 
a patch of plants it is energetically more cost effective for the 
Ceutorhynchus weevils to walk from one plant to another rather than to fly, 
and that they therefore show a greater preference for high density plants 
initially. The cecidcmyiid and Adela are both more mobile and their 
searching behaviour may lead to an even distribution of eggs between plant 
densities. Thus it is probably the greater abundance of Ceutorhynchus 
adults at Silwood and Warfield, in relation to the other two species, which 
leads to the greater attack rate in high density plots at these sites.

The last mortality factor to be depicted in the life table histograms 
is fertilization failure, the difference between the number of seeds which 
could potentially have been produced by the surviving pods and the actual 
number of seeds produced. This factor has two elements, failure to attain 
maximum pod size and failure to produce the number of seeds potentially 
possible for the largest pods. The fact that the youngest pods (those 
nearest the apex) tend always to be smaller than the basal siliquae in
flates estimates of this shortfall. In work at Holyport Field this in
accuracy was corrected by measuring pod length and estimating fecundity 
depression only in terms of seed shortfall for individual pods of given 
size. However the determinants of pod size should not be entirely ignored, 
and work at Holyport Field revealed an interesting negative relationship 
between mean pod size per stalk and the original number of florets (see 
Fig. 3.4). This suggests that range of pod size may be set at an early 
phenological stage and that even if seme flowers or pods are removed, the 
plant does not compensate by shifting the resources originally destined for 
eaten pods into surviving pods. Frcm the Pond Field slug exclosure experi
ment, the number of seeds per pod does however appear to be more plastic; 
subjected to grazing pressure each pod is filled with fewer seeds, presum
ably due to resource shortfall.

Overall it is clear that even in the absence of A. cardamines, seed 
production reaches only 2-20% of the maximum potential output. How import
ant then is A. cardamines in C. pratensis seed loss at sites where they 
occur together? The Holyport Field experiment (see Fig. 3.8) demonstrated
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that Cardamine could not respond to flower and pod attack by compensatory 
growth in the same season (though stalks which were rabbit grazed at an 
earlier stage did sometimes produce regrowth shoots), so the consequences 
of A. cardamines feeding could potentially be catastrophic. Pod con
sumption is a function of larval size (see Fig. 2.51), and damage levels at 
a site depend therefore not only upon the percentage of flcwerstalks in
fested but also on larval survivorship. Both these factors are typically 
low. Thus although at Holyport seed survivorship on egg-bearing plants was 
a quarter that on non-infested stalks, generally it was the slugs and in
ternal seed feeders which caused the greatest seed losses. Overall 
Anthocharis caused between 3 and 14% loss in seed production at 4 different 
sites. This is a substantially greater amount of damage than that caused 
by other generalist macrolepidoptera, but it is unlikely that this 
specialist is the controlling factor in the population dynamics of C. 
pratensis.

3.3 SEEDLINGS AND RECRUITMENT
3.3.1 Introduction

As shown in the previous section C. pratensis experiences massive pre
dispersal seed mortality, caused by a varied assemblage of herbivores.
Many of the earlier plant herbivore studies were terminated at this stage 
and it would have been concluded that herbivores were having a significant 
effect on the dynamics and evolution of the host plant. This is based on 
the widespread, but mistaken assumption that changes in plant performance 
necessarily imply changes in plant population dynamics. It makes the 
assumption that a particular level of seed loss leads directly to reduced 
juvenile recruitment. It is not until the determinants of recruitment have 
been studied in detail that such a view can be justified. Moreover, this 
view may underestimate the role of vegetative reproduction. For example, 
exclusion of flower and seed feeding insects from Haplopappus squarrosus 
increased recruitment of first year plants (Louda, 1982a) but failed to 
achieve the same result in Haplopappus venetus because high mortality among 
established seedlings prevented recruitment of juveniles (Louda, 1983b).

There are two phases to juvenile recruitment: 1) the initial germin
ation stage; followed by 2) seedling growth and establishment.

The effects of seed loss on germination rate will depend largely upon 
the quantity of seed already present in the seed bank, the nature of the 
dormancy-breaking mechanism, the rate of immigration of seed frcm other
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areas, and the availability of suitable microsites for gemination.
Further seedling growth will then be influenced by intra- and inter
specific plant competition and by herbivore grazing (amongst other 
factors).
3.3.1.1 Seed_Bank

The size of the seed bank is governed by several factors - the number 
of seeds produced per geminated seedling (which in turn is influenced by 
seed predation); the fraction of seed that geminates each year; and the 
fraction of the seed bank that decays or is eaten each year (Cohen, 1966). 
The fraction of seed which geminates varies according to the dormancy 
characteristics of the species and the prevailing environmental conditions 
(see Harper, 1977 for a review of dormancy). Herbivores can indirectly in
fluence the duration of dormancy by reducing seed size (e.g. Maun & Cavers, 
1971b). Seed viability is often related to life history strategy (the 
longest lived seeds tend to be those of annuals and other short-lived 
plants; Harper, 1974). Viability may also be influenced by heterogeneity 
in soil conditions. Under artificial storage conditions viability is 
affected mainly by relative humidity and temperature, the life of the seed 
is halved by each 1% increase in seed moisture between 5 and 14%, and for 
each 5°C increase in seed temperature between 0° and 50°C (Harper, 1974).
In the field, cultivation can accelerate the rate of decay of weed seed 
banks to almost twice the rate observed in undisturbed soil (Roberts & 
Feast, 1973).

A large and persistent seed bank can make the plant population very 
resilient to heavy insect attack because it forms a vast reserve of seed 
available for gemination. The classic example of this is the failure to 
control Ulex europaeus by Apion ulicis in New Zealand. It is therefore 
essential to obtain an estimate of the seed bank in any study which 
attempts to assess the impact of a seed predator(s) on the long tern 
dynamics of its host plant.
3.3.1.2 £e£d_Immigrat.ion

The seed pool from which gemination can occur consists not only of 
those seeds which have dispersed in time (by lying dormant), but also of 
new seed which has immigrated from further afield. Thus the effect of 
localized attack by a seed predator depends not only on the seed bank, but 
also upon the proximity of other unattacked conspecific plants, and upon 
the dispersive ability of the seeds. Theoretical models have demonstrated 
that dispersal and risk spreading are potent stabilizing forces in the pop
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ulation dynamics of organisms (Roff, 1974, Reddingius & den Boer, 1970). 
Crawley (1983) and Harper (1977) review sane of the methods used by plants 
in dispersing their seeds.

Seed dispersal in C. pratensis is largely achieved by ejection of the 
seeds during the rapid coiling of the siliqua valves at dehiscence. This 
mode of dispersal probably leads to an inverse square relationship between 
seed density and distance frcm the parent plant, and seed dispersal is 
likely to be highly localized. Seed immigration is therefore predicted to 
be only a minor influence on seed germination rate in C. pratensis.
3.3.1.3 ^rmmation Microsites

Seeds frequently require quite specific edaphic and microclimatic con
ditions to break dormancy and to promote germination and growth. This set 
of requirements, together with the absence of predators, competitors, soil 
toxicity and pre-emergence pathogens is collectively termed the 'safe site' 
or 'germination microsite' (Harper, 1977). Even within a plant population 
'safe site' requirements may vary according to seed size (e.g. Black, 1957; 
Crawley & Nachapong, 1985; Winn, 1985; Wulff, 1986).

Also the physical traits of the seed coat (e.g. a mucilaginous or 
reticulate coat) can have considerable influence on the water relations of 
a geminating seed (Harper & Benton, 1966). Often however, it is the in
teraction between a number of factors which detemines whether a site is 
suitable for establishment. For example, if the soil temperature is right, 
but the seed is at the wrong depth in the soil, food reserves may be 
depleted before the seedling can support itself (Black, 1955). Likewise, 
whilst the number of microsites available is correlated with the micro
topography of the soil surface (there are fewer sites on a dry, cracked 
soil than on a well-turned soil), Harper, Williams & Sagar (1965) found 
that protection of the soil surface with polythene greatly reduced any 
differences in establishment rate on the various surfaces - suggesting that 
protection from water loss may be the causal factor influencing success 
rate, with surface structure merely a correlate.

Depending upon the conditions needed for gemination, the microsite 
may often be the single most important factor limiting population growth, 
yet it has often been neglected in studies of plant ecology. This is 
probably due to the very nature of the microsite; because a microsite is a 
complex multidimensional niche resulting from the interaction of a number 
of variables, it is very difficult to estimate the number of available
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microsites by examining any one physical variable.
For present purposes, I have adopted a 'black box' approach and simply 

measured the input of seeds and the output of seedlings without any attempt 
to determine what has happened inbetween.
3.3.1.4 ^e^^ing_E£t^l:i£h^nt_and_CaTpe^ition

The impact of seed predation on plant recruitment will be greatly 
reduced if germinating seedlings are subject to intense intra- or inter
specific competition.

A number of factors influence the intensity of competition experienced 
by a seedling. The most obvious is the density of the seedlings them
selves, and there is limited evidence that sane germinating seeds show 
negative density dependence brought about by the release of inhibitory 
chemicals (Palmblad, 1968). The effects of competition are manifest in a 
number of inter-related ways. First the weight of the plant may suffer.
It was Yoda et al (1963) who first observed that at high density there is 
an inverse relationship between the number of plants surviving to maturity 
and the mean weight to which they grow, and that a logarithmic plot of

3
these two variables has a slope of - /9 regardless of the species involved 
- this is known as the - /  ̂thinning law. Many further examples of the 
thinning law have subsequently been found (see review by Westoby, 1984 and 
Weller, 1987). The effect of competition on the weight distribution of 
plants has been the subject of seme controversy. Early studies showed that 
as competition proceeded seedling weight distribution became skewed to the 
left indicating that a dominance hierarchy had been established with a few 
large individuals and a much larger class of small suppressed plants 
(Hozumi et al., 1955; Koyama & Kira, 1956; Mohler et al., 1978). Ford & 
Newbould (1970) and Ford (1975) considered that under competition, plants 
either performed very well or very badly giving rise to an observed bimodal 
weight distribution, whilst Rabinowitz (1979) maintained that bimodality 
resulted only when interference effects are weak, at high density all 
plants suffer equally. Simulation models have since shown that the bimodal 
distributions arise only when there is one sided competition (see 
Hutchings, 1986 for a fuller account).

Above a certain density threshold the plants will be so weakened that 
mortality will ensue with the majority of deaths occurring in the smaller 
size classes (Harper & White, 1974; White, 1980). In this way the pop-

3 .ulation moves up the - /^ thinning line with time. Density dependent com
petition can manifest itself in either plant size plasticity or in in
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creased plant mortality. Either mechanism leads to constant plant yield - 
whether expressed in terms of biomass yield or seed yield (fecundity is 
often a linear function of shoot weight e.g. Duggan in Crawley, 1983; 
Watkinson & Harper, 1978).

A second factor which affects the competitive environment is the 
spatial arrangement of the plants at any given density (Harper, 1961; Mead, 
1966; Naylor, 1976; Fowler, 1984) and the distance from neighbouring plants 
(Ross & Harper, 1972; Mithen, Harper & Weiner, 1984).

Time of germination in relation to intra or interspecific neighbouring 
seedlings can have a very important bearing on successful establishment. 
Early germinators are less constrained by competitors and are able to grow 
more rapidly and to attain dominance over the smaller late-ccmers (Black & 
Wilkinson, 1963; Ross & Harper, 1972; Fowler, 1984).

Intraspecific variation in seed size is another factor which may in
fluence competitive ability. When grown in a competition-free environment 
small seeds are as viable and perform as well as large seeds, but in a com
petitive environment it is often the small seeds which sustain the highest 
levels of mortality (Black, 1958; Crawley & Nachapong, 1985), though Ross & 
Harper (1972) found that the seed size effect was negligible in Dactylis 
glcmerata establishment.

There are a number of similarities in the effects of intra and inter
specific competition on seedling establishment, growth and mortality. For 
example relative sowing dates can affect the percentage composition of the 
mixed population (Sagar, 1959 in Harper, 1977) and the weight distribution 
of the competing species also becomes skewed (Mack & Harper, 1977).

Overall, however, the effects of intra- and interspecific competition 
on the population dynamics of the plant tend to be different. A variable 
input of seeds can lead to constant yield under intraspecific competition, 
but a constant seed input from a particular species leads to a variable 
yield for that species under interspecific competition, depending upon the 
nature of the competitor (Harper, 1961).
3.3.1.5 Herbivore Effects

Seedlings are extremely vulnerable to death by herbivores. Not only 
can they be killed directly by digging or trampling by mammals, but de
foliation of the cotyledons or primary leaves by molluscs and insect phyto
phages is often lethal. Older seedlings are much less prone to mortality 
from slug feeding (Hatto & Harper, 1969) and it is clear that herbivores 
are more likely to regulate a plant's population density via seedling
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mortality than via adult mortality.
A further important effect of herbivore grazing is that it may affect 

the competitive ability of the seedling to a greater or lesser extent than 
that of its neighbouring plants (e.g. Sibma, Kort & Wit, 1964; Parkinson, 
Visser & Whittaker, 1979 in Whittaker, 1979; Yamashita, Jones & Nicholson, 
1979). This has already been discussed in relation to loss of rank in the 
dcminance hierarchy and can have fatal consequences. For other plant 
species, seedlings may be distasteful to herbivores, and such species may 
thrive only in heavily-grazed pastures (these are the 'increasers' of 
range-mesquite, Crawley, 1983).

In order to assess the impact of seed predators on the population 
dynamics of C. pratensis, several field experiments were conducted to 
examine the role of seed bank, seed immigration, microsite availability, 
intraspecific competition and mollusc grazing in the establishment of 
juvenile recruits.
3.3.2 Methods and Results
(i) Field germination experiment I, 1981: the effect of microsite avail

ability, seedbank and slug grazing on seedling recruitment in C. 
pratensis in Pond Field

(1) Design
4 x 2 x 2  factorial with 2 replicates 
Treatment A) Type of substrate

1) Natural - vegetation untouched
2) Cut - vegetation cut with shears to ground level
3) Dug-over - vegetation removed and soil turned over
4) John Innes - plot dug out, lined with black perforated

polythene and filled with John Innes No.
2

Treatment B) Seedling regime
1) Seeded - 2200 C. pratensis seeds per metre square
2) Unseeded

Treatment C) Level of slug attack
(R)1) Protected - Murphy's liquid 'Slugit applied

(active ingredient: 20% w/v meta-aldehyde, 
application rate 8 fl oz in 72 gals to 
treat 64 sq m)

2) Unprotected
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(2) Method
V 2 x V 2 m square plots were randomly chosen within areas known to 

contain C. pratensis earlier that year. 'Slugit' a spray on repellant was 
applied weekly, unprotected plants were merely watered. The edges of all 
plots were periodically tidied with sheets to prevent intrusion by vege
tative growth of plants surrounding the plots.

Seeds were sown on 21/7/81 and the experiment monitored at approxi
mately two weekly intervals throughout the winter of 1981-82 (except during 
periods of snow) in the dug over and JI plots, vegetation being too dense 
in the others to find seedlings without major disturbance. Seedlings and 
flowering stalks were counted and the variables in Table 3.4 assessed.
(3) Results_

A) Estimate of contribution to establishment rate by immigrant seeds
The John Innes unsown plots gave a measure of establishment due

2entirely to immigrant seeds, this rate was 21 + 12 seedlings per m (n = 4,
mean pooled from both slug treatments) based on maximum count at one time

2or 41 + 48 seedlings per m over the year.
B) Estimate of contribution to establishment rate frcm the seed bank

This was calculated by subtracting establishment rate due to 
immigrant seeds frcm total establishment rate in the dug over unseeded 
plots, the latter was 34 seedlings per metre square (without slugs) and
hence the contribution frcm the seed bank was approximately 13 seedlings

2 2 per m from the maximum count estimate, or over the year 72 + 12.00/m
2seedlings emerge frcm the treatment giving 31/m over the whole season from 

the seed bank. Thus the annual influx of seed appears to play a greater 
role in dynamics than dormant seed from previous years which germinates 
from the seed bank.

C) Effects of substrate, molluscs and seed input on establishment 
success (as measured by maximum count)

Fig. 3.22a (for untransformed data see Appendix 69a) shows that 
in established swards (the cut and natural plots) microsite availability 
rather than seed input is the limiting factor in germination success as 
sowing caused virtually no increase in the seedling count (c.f. Fig.
3.22b). In the disturbed soil plots dug over and JI seed bank and immi
gration were limiting as seed input greatly increased establishment, hence 
as well as seed input and substrate each having a significant effect on 
germination, the interaction between them was equally significant (see 
ANOVA table in Appendix 69b).
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Table 3.4 : Variables assessed in gemination experiment, Pond Field 
1981-82.

1) Total vegetational cover in plot.

2) Relative proportion of monocots and dicots.

3) Percentage contribution to total cover by C. pratensis.

4) Patchiness of cover on the scale: 1 - very patchy

2 - more than 15% continuous bare
ground but otherwise evenly dis
tributed

3 - evenly distributed

5) Average height of vegetation (cm)

6) Moisture content: 1

2

3

4

5

6

Dry

Wet

Very wet but no water lying 

of water lying 

l"-3" water lying 

3"+ lying

7) Number of snails and slugs present and the extent of apparent foliage 
damage
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Fig. 3.22 Histograms to show the effect of germination 
substrate and mollusc grazing on germination 
success - Silwood park July 81 - May 82.

+ = slugs - = no 'slugs dug, J. I . , cut, natural = types 
of substrate, see text for details.

a

Dug J.l. Cut Natural Dug J .l. C u t Natural

b

S L U G S
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Slugs had no overall effect on success, but there was an almost 
significant (p = .084) interaction effect between slugs and substrate be
cause in bare soil slug exclusion promoted establishment, whilst in mature 
swards establishment was reduced (see Fig. 3.22a).

D) Effects of substrate, mollusc and seed input on flowerstalk pro
duction (as measured by maximum count)

Establishment success is obviously a prerequisite of flower- 
stalk production, and as far as can be seen (because few flowers are pro
duced by plots with low establishment success) flowerstalk production is 
affected in a similar way to germination by seed input, substrate and the 
interaction of the two (see Appendix 69c). However the pattern with 
respect to slug grazing is not consistent.

E) Pattern of seedling establishment
The means for the rosettes counted throughout the year in the 

disturbed soil sown plots are plotted in Fig. 3.23. Germination of seed
lings was first noted 23 days after sowing, but C_. pratensis seedlings were 
not distinguishable from Cardamine flexuosa With, until the four leaf stage 
(C. pratensis is more prostrate and less hairy) at day 60. As sowing was 
soon after the usual date for seed dehiscence, it is assumed that time of 
germination was also similar to the natural emergence time. Rather than 
one peak of emergence followed by a decline due to seedling mortality, 
there appeared to be two phases of recruitment, one in late October and 
another after the winter mortality in March. Overall however, after the 
first peak there is a gradual decline in seedling numbers and it is 
possible that the second phase of recruitment represents asexual leaf 
propagation rather than germination. (The two types of propagule are 
indistinguishable once the mother leaf has rotted.)

Possible causes of the fluctuation in rosette numbers over the 
first year have been investigated by attempting to match the values for 
climatic factors at sampling occasion t with the observed change in 
rosettes at occasion t + 1. This gives insignificant correlations with 
mean daily temperature (°C) and mean daily rainfall (mm), though visual 
examination of the graphs in Fig. 3.24 suggests that the second peak of 
mortality may be a response to low rainfall and severe cold.

Competition, with other plants intensifies before the first 
trough in recruit numbers as a result of a burst of germination by annual 
seedlings, which subsequently die back over the winter (see Fig. 3.24b), 
and before the third trough as overshading cones into play as reflected by
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Fig. 3.23 To show variation in sl.eedling rosette number
with number of days since sowing/ September 1981 
- May 1982.

f = heavy frost s = snow
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Fig. 3.24 To show change in a) environmental and b) biotic 
variables with number of days after sowing/ 
September 1981 - May 1982.

a) mean daily air temperature • mean rainfall O
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the height increase of the vegetation.
The raw data are given in Appendix 69d. Appendix 69e contains 

data and graphs for the individual sown bare soil plots. Interestingly 
there is greater variation in seedling counts between the replicates grazed 
by slugs than between replicates frcm which slugs were excluded.

F) Estimates of flowering success
Proportionally more of the surviving rosettes flower in their 

first year on the established than the bare soil unsown plots (t = 2.44, p 
< .01). The difference is insignificant in the sown plots (t = .905, NS) 
(see Table 3.5). However flowerstalk density only increases substantially 
in the bare soil sown plots, as in other plots rosette density is low.

G) Estimates of post-dispersal seed survivorship
Fig. 3.25 and Appendix 69f give the survivorship data.

Estimated seed pool for JI plots shown in Appendix 69g was calculated as 
follows: firstly it was assumed that immigration had a constant rate of
10.25 seedlings per plot, this was substracted from total germination in 
the sown plots to give an estimate of recruitment frcm the sown seed.
Using this estimate, I calculated the number of seeds from which the 
inmigrants had germinated and hence the total seed pool for the plot. In 
the unsown JI plots the inmigrant seeds were assumed to germinate at the 
same mean rate as on the sown plots (there is no suggestion of density- 
dependent inhibition or premotion of germination rate at these densities).

In dug sown plots there was an assumed constant seed bank of 
7.75 seedlings per plot in addition to the immigration rate, the remainder 
of the calculation was as for JI. Considering the somewhat circular method 
by which these estimates are made, the pool for the JI unsown plots in 
which germination did occur agrees remarkably well with an independent 
estimate of seed produced per unit area in C. pratensis regions of Pond 
Field. The estimate incorporated pod production per flowerstalk, pod 
survivorship, seeds per surviving pod and stalks per / ̂ x /^ m plot and 
predicted a seed fall of 87 seeds per plot. Establishment in the cut and 
natural plots is often less than the immigration rate as estimated frcm the 
John Innes plots, the method used previously for estimating seed pool 
therefore appears inappropriate for mature swards. Hence sowing density is 
given as the minimum seed pool and the unsown plots are excluded frcm the 
analysis.

As seen earlier, establishment failure is more prevalent in 
sown mature swards than in bare soil treatments. Rosette death prior to



305

Table 3.5 : Comparison of proportion of rosettes flowering in Year 1 for 
disturbed and established plots.

A) SOWN PLOTS

Bare soil n Established sward n

.403 576 .321 28 (t = .905, NS)

B) UNSOWN PLOTS

Bare soil n Established sward n

.148 27 .474 19 (t = 2.44 , p < .01)

Table 3.6 : Comparison of 2nd winter mortality for disturbed and 
established plots (proportion killed).

A) SOWN PLOTS

Bare soil n Established sward n

.854 576 .607 28

B) UNSOWN PLOTS

Bare soil n Established sward n

.666 27 .842 19

(t = 2.64 , p < .005)

(t = 1.42 , NS)
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A)Unsown; dug, Ke=2.8/ s=6.2%; J.I., K e = < ^ , s=0% B)Sown: dug, Ke=3.7 s=2.4%; J.I., Ke=4.5, s=l.1% 
C)Sown: cut, Ke=5.3, s=0.5%; nat., Ke=©o, s-0%

Key: G.F. = germination failure; R.D.I = rosette death year 1; R.D.I = rosette death year 2.
| | = dug over substrate; John innes substrate;|| } ;|= cut;

Fig. 3.25 seed survivorship data from pond Field Germination Experiment 1981 -________

= natural.

C)

M O R T A L I T Y F A C T O R

306
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the peak week for first year flowering cannot be directly compared for 
mature and disturbed plots, as monitoring was not carried out throughout 
the year on the uncut plots. The combined mortalities of establishment 
failure and rosette death 1 are substantially greater for mature swards 
than disturbed plots, but this largely reflects increased establishment 
failure.

Rosette death over the second winter i.e. prior to the peak 
week of flowering in the second spring, is proportionally greater in sown 
bare soil plots than established swards (see Table 3.6), whilst for unsown 
plots the trend is reversed.
(ii) Field germination experiment II, 1982: effect of microsite avail

ability and slug grazing on seedling recruitment in C. pratensis
(1) Design

2 x 2 x 2  factorial with 4 replicates 
Treatment A) Type of substrate

1) Natural
2) Dug over

Treatment B) Seeding regime
21) Seeded - 1200 C. pratensis seeds/m

2) Unseeded
Treatment C) Level of slug attack

1) Protected - 'Slugit* ' J and ICI mini pellets applied
2) Unprotected

(2) Method
Plots were set up in 4 blocks of 8, with treatments assigned to 

positions within a block at random. Measurements were as for Experiment I. 
Seeds were sown on 26/7/82.
(3) Results

A) Effects of substrate, molluscs and seed input on establishment 
success (as measured by maximum count)

The results shown in Fig. 3.26 confirm the 1981-82 experiment 
results that germination is limited by microsite availability in 
established swards and by seed input in disturbed soil. The trends seen 
for the effects of slug grazing in the previous year are not however 
repeated, and slugs have no significant effect on establishment success as 
seen in Appendix 70a & b.
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Fig. 3.26 Histograms to show the effect of germination 
substrate and mollusc grazing on germination 
success — Silwood Parle July 82 — May 83.—  

Substrates: dug = soil dug over; natural — undisturbed.
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B) Effects of substrate and seed input on flowerstalk production (total 
over season)

Substrate, seed input, their interaction and the effect of site 
heterogeneity all significantly affect flowering (see Appendix 70c). The 
latter effect was more noticeable in 1982-83 than in 1981 as rainfall was 
harder and caused substantial waterlogging and anaerobic conditions in two 
blocks in the second winter.

C) Pattern of seedling gemination
Seedlings became distinguishable after only 38 days (sooner 

than 1981). Fluctuations in numbers of rosettes throughout the year were 
far less variable than 1981, though the overall trend is similar - a trough 
in October followed by more recruitment, another drop in numbers after 
February snow and frosts followed by another increase in May. The reduced 
amplitude of oscillation probably reflects the lower number of seeds sown, 
and the milder and wetter winter conditions (see Figs. 3.27 & 3.28).
Graphs and data for individual plots are in Appendix 69.

D) Proportion of seedling mortality prior to peak flowering
In dug sown plots 52.8% of the seedlings (n = 335) have died 

before peak flowering whilst in the dug unsown plots 81.25% (n = 16) died. 
The former is not as favourable as it appears, the apparently lower death 
rate is due to new recruitment (i.e. rosettes too late to flower in the 
first year) rather than increased survivorship. 52.8% first year mortality 
is a similar estimate to the 1981/82 results for dug sown plots - 57.95% (n 
= 792), in the unsown plots it is 81.25% and 68.75% (n = 48) for 81/82 and 
82/83 respectively.
(iii) Field germination experiment III, 1982: effect of intraspecific com

petition during seedling establishment in Pond Field
(1) Design

5 x 2  factorial with 2 replicates 
Treatment A) 5 Levels of seed density

40, 80, 160, 320, 640 seeds per V 4 sq m 
Treatment B) Harvesting date

1) Early - prior to flowering, 6/4/83 and 7/4/83
2) Late - post flowering 28/6/83 and 29/6/83

(2) Method
4 blocks each consisting of 5, V 2 x V 2 m plots were dug and raked. 

The 5 sowing densities were assigned to plots within a block at random. 
Harvest date was assigned for the blocks at randan. Slugs were excluded
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Fig. 3.27 To show variation in seedling rosette number
with number of days after sowing, August 1982 - 
‘May 1983.

f = heavy frost s = snow
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(R)frcm all blocks with repellant, Slugit v ' and ICI mini pellets. Seeds 
were sown on 26 July 1982. Measurements in the field were as for I and II. 
Additionally all seedlings were carefully extracted from the plots, root 
washed and dried, with the exception of 3 of the early harvest replicates 
(sowing densities 40, 320 and 640), which were frozen as blocks of turf for 
later extraction of the individual seedlings, but were severely damaged 
when power to the freezer was cut off. Shoot and root weights of a random 
sample of 10 individuals per plot were recorded for all other replicates.
(3) Results

A) Effect of seedling density on seedling survivorship
Appendix 71a gives the data frcm which Fig. 3.29 is plotted. 

There is clearly a linear relationship between the number of survivors and 
the total number of seedlings germinating, suggestive of a density in
dependent relationship over the range of sowing densities examined. In the 
highest density plot the mortality rate does appear to be increasing, and 
it is likely that the sowing densities (given the low germination rates) 
used were below the threshold where intraspecific competition becomes more 
important than the density independent factors (which have quite a sub
stantial effect and create considerable 'noise' in the results). Thus 
regression of k-value against Log^Q (number germinating) has a slope of b = 
-0.233, and the regression of Log^Q S on Log-^ N is:

y = .694 + .789 x
whilst Log10 N on Log-^ S is:

y = -.586 + 1.08 x
were there significant density dependent mortality, then both lines should 
fall on the same side of, and be significantly different frcm, b = 1, and 
clearly they are not.

Although there is an initial peak of recruitment, both recruit
ment and mortality were not discrete and continued throughout the sampling 
period, so that the total number of seedlings germinating is an over
estimate of the number competing at a given time, and so even higher sowing 
densities would be necessary for the detection of intraspecific competition 
and self-thinning.

B) Effect of seedling density on percentage of flowerstalks produced
The results in Appendix 71b show that at the densities studied 

there is no significant effect of density on proportion of flower stalks 
produced, but appearence of the stalks was earlier at the higher densities 
(see Appendix 71c).
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Fig. 3.29 Relationship between intraspecific seedling den- 
sity (seedlings per 1/4 of a square metre) and 
seedling survivorship.

Regression equation: y=4.98 -f 0.28x, r=.886 with 18df, p <0.005

Fig. 3.30 Relationship between number of established seed- 
lings and root weight (mg).

For early harvest: y = 53.9 - . 82x r2'=65.8%/ F(l,5)=9.6 p<v05
(Log log plot is; y = 5.01 - .65x, r2=78.9%)
For late harvest: y = 19.2 + .033x rz= 5.7%, NS, slope not

significantly different from 0.
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C) Effect of sowing density on percentage of seed germinating
As germination was not synchronous, there was a possibility 

that total germination might be influenced by the density of seedlings 
early in the season, while there is a trend towards a lower proportion of 
seeds germinating as seed density increases this is not statistically 
significant (Appendix 71d).

D) Effect of seedling density on seedling weight
In the series of one-way ANOVARs summarized in Appendix 71e, 

each weighed individual is treated as a minor replicate. Differences in 
root and shoot weights between sowing densities, total germination 
densities and survival densities (on 29/3/83) are examined. The mean 
weights for the major replicates of the sowing densities are listed in 
Appendix 71a.

Although there is no evidence of intraspecific competition in 
the form of density dependent mortality, overall root weight (and hence 
root/shoot ratios) shows a significant decrease with increasing density. 
However only plots harvested on 6/4/83 show this four-fold reduction in 
root weight with density. There is no significant variation in mean root 
weight with density at the later date (by which time interspecific com
petition with thistles and grasses has become very severe) (see Fig. 3.30).
3.3.3 Discussion

The short-term importance of seed production in the population 
dynamics of C. pratensis was examined in a marshy meadow community typical 
of the natural habitat in which the plant occurs in the largest concen
trations .
3.3.3.1 Seed_Inmigration_and_Se_ed Bank

The extensive seed loss caused by the seed predators of C. pratensis 
will have little effect on population dynamics, if the plant maintains an 
extensive seed bank, or if there is substantial immigration of seed into 
the area where seed predation has occurred. A crucial part of the first 
germination experiment was to obtain estimates of these two quantities.

Germination in the unsown, Cardamine-free John Innes compost could
only arise from immigrant seeds, and thus the rate of establishment per
annum from such seeds could be calculated. This was estimated to be 41 

2seedlings per m per annum. The unsown dug-over plots contained seedlings 
which could have germinated from two seed sources - immigrant seeds plus C. 
pratensis seeds held in the seed bank. The difference in establishment 
rate between the unsown compost and dug-over plots is therefore assumed to
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reflect the number of recruits from the seed bank, as both types of plot
should receive immigrant seeds at a similar rate. Establishment from just

2the seed bank occurred at a rate of 31 seedlings per m per annum. The 
seed bank in this case consists not only of seeds from previous years which 
have lain dormant, but also the current years seed rain. It is not 
possible to distinguish between these two components without experimentally 
excluding the current seed fall.

It is perhaps not surprising that the seed bank and seed rain of C. 
pratensis are relatively low. The longevity of perennial seeds is renowned 
for being less than that of annuals, and the extensive damage caused by 
weevils and slugs in Pond Field is known to keep the production of un
damaged seed low.

It is however surprising to find that the rate of establishment from 
seed immigration is greater than that from the seed bank and seed rain 
combined. First the mechanism of dispersal would not be expected to lead 
to this result and second the source of these immigrant seeds is rather 
mysterious. As described in the Introduction, C. pratensis relies on 
explosive propulsion to disperse its seeds, and the experiments with potted 
plants suggested that seeds did not travel much more than a metre by this 
method (although it is stated in the literature that seeds may be thrown as 
far as 2 metres). Even so little immigration would be expected via self
propulsion. Herbivore damage in Pond Field was very extensive and the 
distance between Pond Field and the next nearest C. pratensis population 
was great relative to the dispersal abilities of the plant, so that it is 
surprising that there was a sufficiently large rain of seeds to generate 
such substantial immigration to the John Innes plots. It may be that 
single flowerstalks are providing the reservoir of seed from which 
migration occurs, since low density plants suffer lower attack rates from 
weevils and slugs (see Fig. 3.17). However, if such plants are the source, 
their level of seed production still leaves self dehiscence as an unlikely 
mechanism to account for the levels of migration observed. The limited 
dispersal ability, coupled with the fact that the experiment was set up a 
week after most dehiscence had taken place, suggests that seme other agency 
may be responsible for extra post-dehiscence dispersal of the seeds. 
Mortimer (1974), for example, found that Festuca rubra seeds could move 
across the soil at a rate of up to 38 cm/day. In Morocco, ants were a 
major factor in the post-dehiscence seed dispersal of several crucifers 
such as Brassica sp. and Matthiola sp. (pers. obs.) and whilst ants were
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not particularly abundant in Pond Field, it is possible that the smooth 
texture of the John Innes plots may have attracted more seed-bearing ants 
Myrmica ruginodis than the dug-over plots, thus leading to an increased 
rate of immigration. This is highly speculative of course, but it does 
appear that the study of seed immigration would repay further invest
igation. The two main problems with the present study were that the 
texture of the John Innes gemination substrate used, was different from 
the dug-over plots and may have been better for gemination, whilst on the 
other hand delay in setting out the plots meant that most pod dehiscence 
had occurred before the experiment began, which may have caused an under
estimate of immigration rate.

Though on average more establishment appears to result from immigrant 
seeds than from the seed bank, it is clear (Appendix 69) that establishment 
from immigrant seeds is considerably more patchy than from the seed bank. 
This is to be expected as all plots were sited in Cardamine patches (and 
should therefore have some seed bank), whereas migration is chancy, in
fluenced by factors such as wind direction, animal behaviour etc.
3.3.3.2 femination Microsit^s^ Xntra and Interspecific Ccmpetition

In the Introduction it was suggested that the best means of estimating 
microsite availability was to sow an excess of seed and to monitor 
establishment rate. I wished to examine microsite availability in 
established swards, clipped swards and on bare soil; these three substrate 
types were representative of those encountered by C. pratensis. The 
results clearly demonstrated that far fewer microsites existed for C. 
pratensis in established and clipped swards and that recruitment would 
therefore be low in such places irrespective of seed input. In contrast, 
on bare soil plots recruitment was clearly seed-limited at least initially. 
It would appear that C. pratensis seedlings are generally relatively poor 
competitors compared to other marshland species. Even those seedlings 
which do establish suffer heavy mortality whenever competition from other 
plants intensifies (see Figs. 3.23 & 3.27). The fact that C. pratensis 
manages to pre-empt many other species in the timing of its germination 
does not seem to help recruitment greatly in the long term. Cardamine 
germination even in the disturbed plots was greatest for the plots with the 
lowest percentage ground cover, and C. pratensis also appeared to perform 
better in association with dicots rather than monocots - though this may 
reflect shared edaphic requirements rather than weaker competitive inter
actions .
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The C. pratensis populations grow most abundantly in grazed sites or 
where cutting occurs after flowering. This regime probably has a two fold 
advantage for C. pratensis: not only does it inhibit the development of 
scrub and reduce shading, but disturbance of the site by horse's hoof 
prints or tractor tyres creates bare soil in which gemination may occur. 
Mammals can play an important role in the generation of patches of bare 
soil. Rabbit scrapes and mole hills are particularly ccnmon in the grass 
verges with which C. pratensis is frequently associated. However it is 
probably the rabbit scrapes and hoof marks which are of most importance, as 
mole activity is greatest between March and May (Corbet & Southern, 1977) 
and at Holyport Verge the mole hills were usually occupied by Ranunculus 
sp., grasses and other annuals before C. pratensis seed dehiscence had 
occurred. Rabbits and cattle have been found to play a role in the 
creation of microsites in several other studies (e.g. Cameron, 1935;
Harper, 1977, p.127; Sarukhan in Harper, 1977). However, it should be 
stressed that even in horses fields or where rabbits are abundant, patches 
of disturbed soil are rare, and this must limit naturally occurring germ
ination to an almost immeasurable level.

The state of the vegetation in a given area is only one aspect of
microsite availability. Heterogeneity in soil moisture and acidity are
characteristic of many of the Cardamine sites examined and may underlie
much of the observed patchiness in plant distribution. It was notable that
certain sites were consistently wetter than others, and that whilst
Cardamine thrived in relatively wet conditions, it did poorly in plots
which were waterlogged throughout the winter. Even within a single dug- 

2over plot (0.25 m ) the distribution of geminating Cardamine and other 
seedlings could be very patchy, indicative of heterogeneity in soil con
ditions or of a very patchy seed bank.

From the intraspecific ccmpetition gemination experiment it appears 
unlikely that intraspecific competition is as important in gemination and 
recruitment success as interspecific ccmpetition under natural conditions. 
At sowing densities of up to 640 seeds per quarter of a square metre (over 
six times the natural rate estimated for Pond Field) there was a signi
ficant density dependent effect on root weight at first harvest, and there 
was also a trend towards a lower percentage gemination as sowing density 
increased. The latter might be due to density dependent gemination 
suppression (as documented by Palmblad, 1968; Linhart, 1976) or microsite 
limitation; these cannot be separated in this kind of experiment. The
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effect of intraspecific competition on root weight also requires further 
investigation. At the first harvest mean root weight dropped dramatically 
between plots containing 15 and 30 Cardamine recruits and hence it might be 
deduced that intraspecific competition does occur within the range of 
natural conditions (30 survivors reflecting a seeding rate of 160 seeds/V4 
m ). However at the second harvest the root weights at the various 
densities were not significantly different. There are two possible explan
ations for this: 1) either there was differential mortality amongst the 
larger plants (perhaps due to predation); or 2) there was dieback of the 
root systems. As individual seedling sizes were not indicated on the maps 
used in monitoring germination and survivorship, these hypotheses cannot be 
tested. However, I suspect that root dieback is the explanation, as root 
reduction coincided with increased competition from other species, and 
other experiments have shown that C. pratensis is not an aggressive com
petitor. There may be a parallel with Rabinowitz (1979) finding that under 
intense intraspecific competition all plants suffer equally; perhaps the 
same applies under intense interspecific competition.
3.3.3.3 Herbivore Effects

The beneficial effect of rabbits in terms of creating germination 
microsites has already been discussed earlier. However, the activity of 
rabbits is not entirely advantageous to germination. A number of the dug- 
over and John Innes plots were excavated by rabbits such that up to a 
quarter of the seedlings became at least temporarily buried. If rabbits 
frequently respond to patches of bare soil in this way, then subsequent 
digging may nullify seme of their beneficial effects (such as the creation 
of seme of these bare soil patches).

The other types of herbivore investigated with regard to seedling 
germination were slugs and snails. Snails were mostly observed between 
September and February, while slugs were most active from April onwards.
The majority of sightings were of dead molluscs on the treated plots, but 
as recent evidence from the laboratory of Peter Newell (unpubl.) at CMC 
shows, dead body counts seriously underestimate mollusc densities and the 
effectiveness of metaldehyde.

In 1981 an interesting trend was observed to result frem mollusc 
exclusion. In disturbed plots mollusc presence reduced germination while 
in established swards it benefitted C. pratensis establishment. This is 
presumably because on bare soil there were initially few seedlings apart 
from C. pratensis, and therefore no alternative food for the slugs, whereas
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in the established swards, differential mollusc grazing on other species 
may have reduced their competitive edge and thus indirectly benefitted C. 
pratensis establishment. Fig 3.22 shows that mollusc grazing increased the 
variance in seedling establishment amongst disturbed soil sown plots. This 
effect may arise through the tendency of slugs to keep within limited hone 
ranges, but no data on the movement of marked slugs are available.

Mollusc grazing in the winter of 1981/82 also led to greater variation 
in seedling counts between sampling occasions for unprotected than for pro
tected plots. This suggests that while mollusc grazing may not signi
ficantly affect the maximum number of seedlings, it may well influence 
turnover rate of the seedlings, since there is evidence that seedling death 
is compensated by further gemination. This supports the contention that 
either density dependent gemination suppression is occurring, or that the 
number of gemination microsites is limited (even on disturbed soil).
Thus, once pre-empted by the gemination of a neighbouring seed, further 
seeds must await the death of that seedling before the microsite again be
comes available for another seed to geminate. Evidence of this microsite 
occupancy effect has been observed in Grophia and Salicornia (Symonides, 
pers. comm.).

These effects of mollusc grazing were not observed over the winter of 
1982/83; probably because the winter months of 1982/83 were much drier than 
those of 1981/82 and therefore less conducive to mollusc foraging.

3.4 FLOWERING AND MATURE PLANTS
3.4.1 Introduction

In the previous section it was suggested that the number of suitable 
gemination microsites limits establishment of C. pr a tens is seedlings 
rather than the amount of seed lost to pre-dispersal seed predators. Thus 
in years of high seed production, the initial part of a survivorship curve 
for C. pratensis would be steep (assuming that seed longevity is relatively 
short) and would be little influenced by herbivores. As we have seen 
survival to the first year flowering stage is dependent upon a combination 
of factors (edaphic and weather conditions, interspecific competition and 
mollusc grazing).

In any study of the population dynamics of a perennial organism it is 
also necessary to know the shape of the survivorship curve beyond the first 
year, and to discover the role of herbivore feeding in shaping this section 
of the curve.
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Mature plants are subject to attack from herbivores and pathogens and 
to competition frcm other plants in just the same way as are seedlings, 
although the relative importance of these processes may be different.
Mature plants may be subject to an additional loss in the form of the 
flower head feeding guild. Ihe mature biennial/perennial is often less 
vulnerable to herbivore attack, due at least in part to its abundance of 
axillary meristems, and its reserves stored below ground (e.g. Hatto & 
Harper, 1969; Parker & Salzman, 1985). Exceptions include those species 
with a single meristem (certain monocarpic plants) , and species which 
respond to foliar attack by translocating resources immediately to the 
aerial parts of the plant (e.g. Bentley & Vhittaker, 1979). In some cases 
the mature plant has a broader spectrum of chanical defences than the seed
ling (e.g. Louda & Rodman, 1983a). In view of this resilience to attack, 
many studies of the effects of grazing on mature plants have concentrated 
on the response of seed production to herbivory (see earlier), the size of 
storage organs or root mass, or leaf area duration, rather than mortality 
alone (e.g. Dethier, 1959; White & French, 1966; Dixon, 1971 in Whittaker, 
1979; Shapiro, 1974b; White, 1974; Wteiss, 1976 in Whittaker, 1979; Cullen- 
ward et al., 1979; Islam & Crawley, 1982; Bishop & Davy, 1984). Others 
have investigated the regrowth of the plant and its ability to compensate 
for feeding damage (e.g. Taylor & Bardner, 1968; Hendrix & Trapp, 1981; 
Islam & Crawley, 1983). A further line of investigation has traced the in
direct effects of grazing on plant mortality, growth and seed production 
via reduced competitive ability of the plant in relation to other species 
(e.g. Sibma, Kort & Wit, 1964; Bentley & Vhittaker, 1979; Parkinson, Visser 
& Whittaker, 1979 and Yamashita et al., 1979 in Whittaker, 1979; Whittaker, 
1982; Louda, 1984; Parker & Salzman, 1985). Grazing may also cause the 
plant to succumb more easily to frost or to drought (White, 1984; Harris, 
1984 in Crawley, 1986).

Thus the effects of herbivory on mature plant mortality may be more 
complex, far reaching and significant than might appear fran a cursory 
examination.

As yet few survivorship curves have been described for perennials 
attacked by herbivores, but a fairly constant death rate is the pattern 
most commonly observed, and this leads to steady decline in the nunber of 
survivors with age (Deevy Type II survivorship; e.g. Sarukhan & Harper, 
1973). Data on death rates attributable to herbivores are difficult to 
extricate frcm reports on defoliation damage, though seme examples are 
cited in Crawley (1983).
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This study aimed to investigate several aspects of the biology of 
mature C. pratensis plants. First it was necessary to describe the 
phenology of local populations so that the time and level of attack by A. 
cardamines could be determined in the context of the flowering cycle. 
Second, it was important to examine how much damage was caused by A. 
cardamines in plants at high and low density, to contrast the survivorship 
of plants which had and had not been extensively damaged by the butterfly 
larvae, to discover whether C. pratensis could compensate for early attack, 
and to measure the effect of such an attack on rhizcme weight. A third aim 
was to gain insight into the shape of the survivorship curve frcm seed pro
duction right through adult life. The monitoring of plant survival is both 
time consuming and difficult, involving detailed mapping of large numbers 
of individual plants. The problems are compounded in the case of clonal 
species because ramets and genets must be separated, and because the 
longevity of the clone can far exceed the duration of the project. In the 
current study an intensive examination was not undertaken, but a crude 
estimate of the death rate can be gained frcm the Kissing Gate study, by 
following up the 1980 germination experiment in which the fates of 
flowering rosettes were followed for a second year, and frcm monitoring a 
mapped population of flowering stalks in Pond Field over five successive 
years as succession proceeded.
3.4.2 Methods and Results 
(i) Plant phenology
(1) Method

At each major study site a random sample of stalks was examined on 
several occasions and each stalk was scored according to the five pheno- 
logical age classes used in Section 2.
(2) Results

The results are depicted in Figs. 3.31a-i. Stalk growth usually began 
in late February, but Class 1 plants were only properly apparent from early 
April to late April, and constituted the modal class for approximately 
three weeks. For another three weeks frcm late April to the first or 
second week of May, Class 2 plants were the most abundant category. They 
were superseded in mid-May by Class 3 stalks, but this was a short-lived 
dynasty of approximately one weeks duration. Class 4 was dominant frcm 
mid-May to late May for a period of about two weeks, and frcm late May to 
the beginning of July when dehiscence had finished, Class 5 stalks were 
most frequent. At a couple of sites secondary bud growth causes an
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Fig. 3.31 a-n Histograms to show stalk phenology at
different study sites and in different 
years.

A) Kissing Gate 1983 B) Farm 1983
C) Kissing Gate 1982 D) Pond Field 1982

A )

b )

c)
194 n= 200 28.4 n=68 12 5 n= 283 17-5 n= l05

F L O W E R S T A L K A G E
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E) Rush Meadow 1982 F) Rush Meadow 1983
G) Ribblesdale 1983

t/H/TA n o . of Adel a ruf imitrella observed during sampling

P ig .  3 .31  c a n t .

E) 19.4 n= 200 12-5 n= 210 17-5 n=68  7 .S  n = 72

G)
f  9.6 n = i34 4-25

20

15

10 

4- 5 
0

r6~prs in copR a g e  secondary growth on 
stalk tops

F L O W E E S T A L K
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F ig .  3 .31  c o n t .

H) Holyport Verge 1983
I) Holyport Verge 1982

i )
15-4 n =63 1.5 n=50 14.5 n= 64 25-5 n=137

3 6 n z 64
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F ig .  3 .31  c o n t

J) Holyport Field 1982
L) Holyport Field 1983
M) Binfield 1982

K) Holyport Field 1981

N) Binfield 1983

J)
19/4 n = 200 1/5 n = 50 12/5 n= 50

1 2 3  4 5  1 2 3 4 5

12/5 n = 119 29/5 n =200
L)

1 2 3 4 5 1 2  3 4

M) 1/5 n= 50 11/5 n = 50

CQ

O

1 2 3 4 5

E
n ;

21/5 n = 100

80 ■ 

60-

40-- 
20 -

1 2 3 4 5
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apparent 'regression' in the last of the histograms for those sites.
These dates are based on Berkshire sites in 1982, in 1983 the pheno- 

logical changes occurred on average two weeks later. Ribblesdale seemed to 
be a particularly "late" site, perhaps because it was situated in a sunken 
hollow. At the Ribblesdale site a count of the number of A. rufImitrella 
moths on the various age stalks was also made.
(ii) Effect of temperature on bud development rate
(1) Design

Levels of temperature
10, 15, 20, 25°C

(2) Method
Flower shoots consisting entirely of unopened florets were potted up 

and placed in 4 C.T. rooms, with 5 pots at each temperature. The plants 
were regularly watered and hand pollinated. Observations on developmental 
stage of each bud were made daily.
(3) Results

Bud duration is counted frcm the date on which the first flower of the 
plant op)ens, therefore the first flower has a bud stage of zero days and is 
excluded frcm any further calculations, and the innermost florets will 
clearly have the longest bud stage. Development time is assessed in 
relation to the time of oviposition by the Orange-Tip (i.e. the egg is laid 
when only one or two flowers have opened).

A) Effects on bud development time
Bud development time is significantly increased at the coldest 

temperature but shows little difference between 15 and 25°C (see Figs. 3.32 
and Appendix 72a), the relationship is reciprocal (the power is not signi
ficantly different frcm -1, t = .95).

B) Effects on flower development time
Flower development time gives a better fit to a reciprocal 

model than bud development time, again the power is not significantly 
different frcm -1, t = 1.65. Significant differences occur between the 
lower three temperatures (see Fig. 3.33 and Appendix 72b).

C) Effects on pod duration
Unfortunately pod development times were mislaid for the 10°C 

plants, but data for the other temperatures is shown in Fig. 3.34. There 
is no significant difference between development rate at 20 and 25°C, but 
the longer development times at the higher temperature probably explain the 
significant departure frcm -1 of the power in the regression equation (t =
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Fig. 3.32 To show the effect of temperature (° C) on bud 
development time (days).

-1.14
Fitted regression equation is': y = 114.4x
derived from: ’ Log y = log^a + blog^x where y = 4.74 - 1.14x 
r^ = 76.2% with 18 df.

Fig. 3.33 TQ show the effect of temperature (°C) on 
flower development time(days).

-1.15
Fitted regression equation is: y = 90.92x
derived from: Log y = log a + blog x where y = 4.51 - 1.15x
r-\ 0 S 0

r =90.0% with 18 df.

Fig. 3 .34  To show the effect of temperature (°c) on pod 
development time (days) .

-0.51
Fitted regression equation is: y = 100.5x
derived from: Log v = log a + blog x where y = 4.61 - .51x

,-s 0 0 0
r = 58.9% with 13 df.
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4.17).
(iii) Reproductive biology of Adela rufimitrella
(1) Method

A sample of adult moths was pooted from C. pratensis flowerstalks on 6 
dates:- 2, 13, 17, 19, 24 and 26 of June. In the lab they were killed, 
sexed and dissected to determine potential fecundity.
(2) Results.

The number of ovarioles per ovary ranged frcm 10 to 12. The maximum 
potential fecundity observed was 310 eggs, of which 100 were chorionated. 
Mean potential fecundity significantly decreased with sampling date, re
flecting the increasing physiological age of the population (see Table 
3.7). The sex ratio swung frcm male biased to female biased as the season 
progressed.
(iv) Use of Cardamine pratensis by Anthocharis cardamines in Britain
(1) Method

Questionnaires were sent to amateur entomologists, who were asked 
whether they had found A. cardamines eggs or larvae on a number of host 
plants, including C. pratensis. They were also asked to indicate whether 
they considered C. pratensis to be the most Important host plant.
(2) R e s u l t s

Table 3.8 shows that C_. pratensis is used as a host by A. cardamines 
throughout the butterfly's geographical range. Where this host plant is 
not used, C. pratensis is usually absent frcm the local flora.

The last column of the table gives the number of times that a major 
host was cited. A correspondent could name two species as major hosts in a 
particular area, hence number of citations is not equivalent to number of 
sites i.e. of the 6 citations in the South and South East, 2 might be C. 
pratensis, 4 Alliaria petiolata, while at 2 sites the two host plants might 
be of equal importance. It appears that C. pratensis is the most usual 
major host in the South-West and Wales and in seme areas of the South and 
South-East, but is less favoured in East Anglia, the Midlands and the 
North.
(v) Effects of stalk feeding on rosette survivorship and flowering the 

following year
(1) Method

The same rosettes are involved in this experiment as were described in 
Section 2.2.3.2 ix. Plants were surveyed on 24/4/83 and 31/5/83.
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Table 3.7 : Reproductive biology of Adela rufimitrella.

Date n
females

M/
'F

x total 
eggs/ S.E. x chorionated 

eggs/ S.E.

Early season 5 1.2 208 60 65.8 22.1

Mid season 7 2 67.4 23 24.7 10.1

Late season 5 0.2 13.2 4.3 4 .95

Table 3.8 : Use of Cardamine pratensis by A. cardamines in Britain.

Region No. of 
replies Used Not

used
Not
seen

Not
ans.

Main
host

No. of main 
hosts cited

S. & S.E. 8 7 0 1 0 2 6

East Anglia 5 3 0 1 1 0 3

Midlands 6 2 0 0 4 0 3

West Midlands 5 3 1 1 0 0 4

S.W. 5 5 0 0 0 3 3

Wales 5 2 0 1 2 1 1

York 5 2 0 1 2 0 0

North 5 1 1 1 2 0 2

Scotland 2 1 0 0 1 1 1

Totals 46 26 2 6 12 7 .
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(2) Results
Fig. 3.35 canpares the fate of undamaged plants with plants whose 

flowerstalks were severely damaged by A. cardamines larvae in 1982 
(assessed by proportion of florets removed). Three outcomes are con
sidered: 1) the rosette dies over winter, 2) the rosette survives but fails 
to flower, 3) the rosette survives and flowers.

There is no significant difference between the proportion of non
flowering rosettes surviving in the two groups (t = 1.16), nor in the pro
portion of flowering rosettes (t = .92) (and thus trivially in the pro
portion of rosettes dying). Of the rosettes that flowered there was no 
significant difference in the time of appearance of the flowerstalk between 
the damaged and undamaged group; 37.5% (N = 8) and 37.0% (N = 54) of the 
flowering rosettes respectively had flower shoots by the 24/4/83 (t =
.027).
(vi) Monitoring of Pond Field flowerstalk population
(1) Method

Pond Field was marked out into a grid of 4 x 4 m cells, and the dis-
2tribution of individual flowerstalks mapped m  8448 0.25 m quadrats. In 

1981 the number of plants attacked by slugs was recorded for a subsample of 
the 477 quadrats occupied by plants.
(2) R e£u lt£

A) Distribution of flowerstalks in 1981
a) Scale of_aggregation

The effect of quadrat size has been examined using two
methods of analysis. In both methods the size of the sampling unit is
successively doubled in area starting with m x m quadrat as block
size 1. In the first method a sum of squares is calculated for each block
size (Kershaw, 1973). The peaks in a plot of mean square against block
size lie within the range of sample unit size at which clumping occurs. In
Pond Field there are two peaks, one between a quadrat size of 1 m x ^ ^  m
and 2 m x 1 m, and another at a quadrat size above 2 m x 2 m (see Table
3.9). The pattern is robust whether the rectangular blocks are arranged
horizontally or vertically (i.e. 1 x V 2 or V 2 x 1)»

The second method simply compares variance: mean ratio at
each block size and tests whether it is significantly different frcm the

9Chi distribution. Using this method the flowerstalks had a significantly 
aggregated distribution at every scale of samples (see Table 3.9).
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Table 3.9 : Calculation of scale of aggregation of flowerstalks in Pond 
Field.

Method 1

Block Size 2
X E x SOS Df Mean Square

BS

1  ( /2 x /2) 4348 4348 1561 8448 0.185

2 (1 x V 2) 5574 2787 798.5 4224 0.189

4 (1 x 1) 7954 1988.5 672.6 2112 0.318

8 (2 x 1) 10527 1315.87 331 1056 0.313

16 (2 x 2) 15758 984.87 254.3 528 0.482

32 (4 x 2) 23378 730.56 227.22 264 0.861

64 (4 x 4) 32214 503.34

Method 2
Quadrat Size (m) Variance Mean V/M X 2 Prob.

1, 1/ 
^2 X 2 .498 .128 3.89 32858.8 .01

i i /1 X / 2 1.25 .25 4.92 20777 .01

l x l 3.51 .51 6.88 14524 .01

2 x 1 8.9 1.02 8.72 9199.6 .01

2 x 2 25.72 2.04 12.61 6645 .01

4 x 2 72.15 4.08 17.68 4650 .01

4 x 4 178.7 8.17 21.87
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b) Measures_of_ dispersion
Several indices of dispersion are used to confirm the 

aggregated nature of the flowerstalk distribution (see Table 3.10). All 
calculations are performed on the data from x L/ 2 m quadrats.

c) Distribu_tion_model
For simplicity the negative bincmial was fitted before more 

complex models (e.g. Neyman Type A, Pearson Type III) were attempted. The 
dispersion parameter k was calculated using an iterative method (advisable 
where x is small and k/x is less than 6) (see Appendix 73 for values of A). 
The value of k is between 0.04 and 0.05 which indicates very strong 
clumping. The observed and expected frequencies from the negative bincmial 
distribution are shown in Fig. 3.36, and the data are listed in Appendix 73 
with a Chi-squared goodness of fit test (expected frequencies from the 
Poisson distribution are also included for comparison). A better test of 
fit is based on actual variance less expected variance, this difference has 
a value of .006 which is significantly less than its standard error of .02, 
hence the negative bincmial satisfactorily describes the distribution of 
flowerstalks in Pond Field.

B) Pattern of slug attack in Pond Field 1981
The overall percentage of stalks attacked at the start of the 

flowering season was 21.88% (18-26% 95% C.I.). Appendix 74 and Fig. 3.37 
shows the risk of attack per stalk for stalks in quadrats of different 
plant densities (see Column 1). The two components of risk i.e. risk of 
attack per quadrat (Column 2) and risk of attack per stalk in an attacked 
quadrat (Column 3) are also shown. Within an attacked quadrat, the risk of 
attack per stalk decreases with increasing stalk density (at least, early 
in the season). In contrast, proportionally more quadrats are attacked at 
higher stalk density. The compound effect of these two trends is an in
creased risk of attack on an individual stalk with increasing stalk 
density.

Comparison of the observed pattern of attack with a Poisson
distribution showed the two distributions to be significantly different at

2C< = .005 level (see raw data in Appendix 74 and calculated Chi at bottom 
of page). An aggregated pattern of attack is not surprising for these 
relatively immobile herbivores, who tend to graze neighbouring plants 
(Hatto & Harper, 1969).
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Table 3.10 : Calculated values of dispersion indices for flowerstalks in 
Pond Field 1981.

Index Formula Value P Conclusion
Morisita 16 

(Morisita, 1962)
NZx2 - x 
(Zx)2 - X

23.8 .005 Aggregated

Green's Coefficient 
(Green, 1966)

2
4 - 1
X
Zx - 1

2.68 x 10~3 .05 Aggregated

Lloyd 23.58 Aggregated

Table 3.11 : Flowerstalk density in Pond Field 1981-1983.

Year Total stalk 
density

x/m2 x/quadrat Variance 
in quadrats

1981 1078 .512 .128 .498

1982 997 .472 .118 .802

1983 668 .316 .079 .421
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Fig. 3.36 Comparison of the observed stalk distribution 
(in pond Field 1981) with expected values 
from a negative binomial distribution and a 
Poisson distribution.

Expected - negative binomial, zero class 7949.5 
Observed 7971
Expected - Poisson 7434
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Fig. 3.37 To show the probability of slugs attacking 
C. pratensis stalks at a range of different 
stalk densities, pond Field 1981.

O proportion of stalks attacked in attacked quadrats 

□ proportion of quadrats attacked 

• proportion of ptalks attacked in density class

Fig. 3.38 To show changes in flower stalk numbers in 
mapped quadrats (l/4rn ) over the period April
1981 to jqpril 1983.
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Fig. 3.37
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Fig. 3.38
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F R OM 8 2  -  81
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C) Changes in flowerstalk density over the three year period
Flowers talk density has almost halved over the three year study 

period (see Table 3.11), and variance accordingly fell between 1981 and 
1983. The anomalous variance for 1982 is inflated because there was high 
establishment and percentage flowering of first year seedlings from the 
1981 germination experiment (Section 3.3.2 i) and these experimental 
quadrats were not removed frcm the analysis.

In Fig. 3.38 changes in flowerstalk numbers are plotted for the 
814 quadrats which contained a flowerstalk (in at least one of the three 
years). The marked lack of points in the upper right quadrant of the graph 
is to be expected in a declining population. The points in the lower right 
quadrant probably represent the germination experiment quadrats where first 
year flowering was high, but overwinter rosette mortality for 1982/83 was 
also high, so that there was a sharp increase one year followed by a sharp 
decrease the next. Absence of flowering in a quadrat in 1982 could not be 
taken to signify death of the rosettes, as in a number of cases flower- 
stalks appeared again a year later in 1983 (upper left quadrat).

The fate of rosettes which failed to flower in 1982 and 1983 is 
therefore unknown. Rosettes prevented frcm flowering by mowing are known 
to be able to survive for more than thirty five years and to flower again 
as soon as mowing stops (M. Rothschild, pers. comm.).
3.4.3 Discussion

Sexual reproduction only influences C. pratensis population dynamics 
over the long term or following large-scale, severe soil disturbance.
Given that the effect of pre-dispersal seed predation on recruitment is 
small, does herbivory have any measurable, short-term effects on plant 
survival?

In the Kissing Gate study, attack by A. cardamines larvae following 
pod formation had no short term effect on shoot survival (see Fig. 3.35). 
Plants severely damaged in spring 1982 showed no significant difference in 
overall survivorship of their rosettes (s = 95% compared to 92%, NS), or in 
the proportion which flowered in 1983 (40% and 51%, NS) or in the pro
portion flowering by 24/4/83 (37.5 and 37%, NS). If the death risk for the 
rosettes were to remain constant at 8%, their estimated longevity would 
exceed 60 years (half life of 8 years). However, seme effect on plant 
survivorship was expected, since larvae do attack the foliage and might 
reduce plant's reserves. Even if the effect of larval feeding is not 
sufficiently dramatic to show up within a year, the cumulative effect of
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attack year after year cannot be discounted. It should certainly not be 
assumed on present evidence that herbivore attack has no effect on the 
death rate.

Is the impact of herbivore feeding uniformly spread throughout the C. 
pratensis population? If stalk and foliage feeding do influence rhizone 
size and root survivorship, then it is likely that, once attacked, low 
density individuals of C. pratensis suffer more at the hands of herbivores 
than do high density rosettes, even though the overall probability of 
attack is higher for high density individuals (see Fig. 3.17). This result 
appears to be due to greater interference between A. cardamines and slugs 
at the higher plant density (the density of slugs is usually higher in 
areas of high C. pratensis density, perhaps because of higher soil moisture 
levels).

Although C. pratensis has a store of reserves below ground, it appears 
unable to compensate for even very early herbivore attack on the flower- 
stalk (see Fig. 3.8). It was originally thought that compensation might be 
quite frequent, because rabbit grazed stalks had been observed to re
generate. Possibly the experimental 'grazing' at Holyport took too small a 
portion of the apex to remove any apical dominance controlling branching. 
Since compensation did not occur, the question of what happens to the re
sources that are normally used in pod and seed production was examined.
For example, would the resources remain in the root systems and thereby 
enhance survivorship through the following winter? As it transpired, the 
rhizome weights of plants in treatments where all, half or none of the 
flower heads were cut off in the plot were not significantly different two 
months after defloration (see Fig. 3.12). Moreover, as control plants pro
duced almost twice as much foliage as the attacked plants, it appears 
likely that the carbohydrate needed for pod and seed production is produced 
annually fed largely by leaf photosynthesis, and does not come from the 
rhizome. This ensures successful overwintering and does not appear to be a 
drain on successful seed production.

It is difficult to generalise about the shape of the C. pratensis 
survivorship curve frcm the scant evidence gathered here. It is clear, 
however, that there is high seed loss due to flower and seed predators, 
followed by high establishment failure on all but the barest, most dis
turbed patches of soil. For those seedlings which do establish, rosette 
death over the first winter is approximately 60%, and increases to between 
80 and 90% over the course of the second winter. Second winter rosette
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death was greater in sown bare soil plots than in the established swards, 
perhaps because only the most vigorous and aggressive plants managed to 
establish amidst the severe competition experienced in the swards. In the 
disturbed plots it was relatively easy to establish initially, but can- 
petition intensified greatly as the plots were colonized by other species. 
The mortality rate experienced by older rosettes appears to depend upon the 
interaction between grazing herbivores and interspecific competitors. At 
the Kissing Gate, succession did not proceed rapidly and the maximum 
mortality rate for mature rosettes was only about 8%, whilst in Pond Field 
C. pratensis numbers declined at an average rate of about 22% a year (after 
adjustment for the effect of the germination experiments). This mortality 
rate probably increases as succession proceeds. Thus C. pratensis requires 
a certain amount of grazing or mowing of its surrounding vegetation, since 
it is a poor competitor with Rumex obtusifolius, Cirsium palustre, Rubus 
fruticosus and Juncus effusus. There is also the double-edged effect of 
tractors, horses and rabbits that not only depress the growth of the more 
vigorous species, but also create germination microsites for C. pratensis.
3.4.3.1 ^nual_Var_i_a_tions_ m_FI1owe£Sta^k_Number_s

The number of flowerstalks at a given site can vary considerably from 
year to year. For example there were 7 fold differences in numbers at the 
Kissing Gate, but the absence of a consistent upward or downward trend 
suggested that this fluctuation was not due to rosette mortality. Dramatic 
fluctuations in the number of flowerstalks also occurred at Holyport Verge, 
but these were not synchronous with fluctuations at the Kissing Gate site. 
At two sites the underlying cause for the changes in flowerstalk numbers 
were reasonably clear. At Rush Meadow where a three year cutting rota was 
in operation, flowering always declined in the area which had been mown the 
previous autumn. At Binfield the great decrease in flowerstalk numbers 
resulted from the owner levelling the field.

It might be predicted that in stable, established populations, the 
winter weather may have a widespread effect on the number of flowerstalks 
produced, as chilling triggers young rosettes to flower and can promote 
flowering out of season in the greenhouse. No obvious synchronicity was 
observed and it appears that the determinants of flowering must be more 
complex than this in the field.
3.4.3.2 Phenology

Differences in C. pratensis phenology were most notable on a 
relatively large geographical scale. For example, plants in Sussex and
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Surrey flowered earlier than those in Berkshire, and these flowered earlier 
than those in Oxfordshire. Even within a county, sane sites appear to 
flower consistently earlier than others. Certainly flowering time varies 
with habitat, and plants in woodland always flowered earlier than those in 
open meadows. Day-degree accumulation may be more rapid in woodland, or 
this may be an adaptation to take advantage of the available light before 
the canopy-closure. Even within a single habitat, certain areas flower 
before others, and this is presumed to be due to differences in micro
climate and topography within the site.

Unlike C. pratensis which appears to vary in its phenology in response 
to small scale, local environmental differences, A. cardamines exhibited 
much less variation in its time of appearence, though there was a slight 
south-north trend. The time of flowering of C_. prate ns is in relation to 
the oviposition period of the butterfly was a critical factor in deter
mining choice of host plant species in a given location, and the impact on 
plant reproduction. In Sussex most C. pratensis are in pod by the time 
that the butterfly appears, whereas A. petiolata is just in flower, and 
thus becomes the primary host in that county.

The experiment on the timing of larval attack indicated that there 
were no chemical or nutritional differences in the suitability of early or 
late flowering stalks, which suggests that even where C. pratensis is the 
main host, the eclosion cues for the butterfly are imperfectly synchronised 
with the flowering cues for C. pratensis. If they were not, the butterfly 
could exploit the early flowering plants. It is probable that butterfly 
emergence is timed by independent cues to coincide with the period of 
maximum flower abundance in the majority of years.
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CHAPTER 4 : GENERAL DISCUSSION

This thesis addresses the question of how the interaction between a 
perennial crucifer (Cardamine pratensis) and one of its seed predators the 
pierid butterfly (Anthocharis cardamines) influences the dynamics of each 
population.

Before this study a number of researchers had studied insect plant 
interactions frcm an evolutionary perspective, examining such subjects as 
the arms race between host and herbivore, community structure and the 
evolution of insect pollination mechanisms (see Tables 1.1 and 1.2). The 
conclusions drawn frcm many of these studies were based mostly on 
observation and related to comparisons of extant species. In very recent 
years however there has been a move in methodology towards a more experi
mental approach and a tendency to try and understand evolution in terms of 
processes occurring in ecological time. This study was intended to gain 
greater insight into the relationship between A. cardamines and C. 
pratensis by a series of manipulative experiments.

A very broad, initial sketch of the system was undertaken, because it 
was felt that the dynamics of the interaction between the two species had 
to be placed in the context of interactions with other species that were 
occurring in the field. For example, a bioassay of the effects of the 
plant on aspects of herbivore fitness in the laboratory ignores the equal 
if not greater selection pressures exerted in the field by predators, 
parasites, competitors and other abiotic environmental factors. Further
more it was thought necessary to try and measure the actual fitness loss 
(in terms of number of recruits in the next generation) caused by each 
species. This meant not simply measuring the loss in reproductive 
potential that one species imposed on the other (e.g. seed loss), but 
following through the fate of the potential progeny (e.g. seedlings) to 
discover whether any recruitment would in fact have occurred in the absence 
of the other species. Relatively few studies to date have examined seed
ling recruitment in the context of a plant herbivore study. The effect of 
A. cardamines on other parameters in the dynamics of C. pratensis is more 
difficult to measure, for example the extent to which foliage or flower 
feeding may affect the competitive ability of C. pratensis in relation to 
its diffuse array of interspecific competitors, or how cumulatively over a 
number of years such feeding may affect long term survivorship of the 
plant. From the present study one can only speculate on these longer term
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questions.
This study was based on several major assumptions. First, that the 

dynamics of both A. cardamines and C. pratensis were essentially stable, 
which brings with it the implicit assumption that there were population 
regulating mechanisms in operation and that they could be discovered. 
Second, it was assumed that as the butterfly was an oligophage (although in 
Berkshire effectively a monophage) the relationship between insect and 
plant would be relatively 'tight' and exhibit interesting feedback 
responses between the two populations. It was assumed that these might 
involve the mechanisms that stabilised the populations at equilibrium level 
although no assumption was made about the symmetry of the interaction. The 
objectives of the research were therefore not only to measure such pop
ulation parameters as intrinsic and actual rates of increase, the carrying 
capacity, the rates of fecundity and mortality, but also to test these 
original assumptions about the nature and symmetry of population regulation 
in this plant herbivore system.

What is commonly understood by population stability? If the answer is 
low amplitude fluctuations in individual numbers, either side of an 
equilibrium level, then three further questions arise. First, which life 
stage should be used in assessing abundance? Second, is our ability to 
detect changes in the numbers of individuals influenced by the equilibrium 
level of abundance of the species? Third, if stability appears to prevail 
simply because the intrinsic rate of increase is low, then what factors 
govern r ?

It is generally accepted that stability should be judged on the basis 
of adult counts. This immediately poses two problems with respect to the 
current study. First, because the female adult Orange-Tip are so vagile, 
and their populations generally so low, the number of adult butterflies is 
difficult to monitor, and mark-recapture studies prove both time and labour 
intensive while producing little tangible benefit. Similar conclusions 
have been drawn by Dempster (pers. comm.) and Courtney (pers. comm.), even 
though in the Durham populations studied by Courtney adult density was sub
stantially higher than in Berkshire. The immobile eggs and less mobile 
larvae represent a much easier population to sample. Second, the number of 
mature C. pratensis genets is no more easily censused because of their 
clonal growth habit, which requires plants to be carefully dug up in order 
to determine whether neighbouring rosettes arise frcm the same rhizome. 
Counts of flowerstalks are far easier to make, but how this relates back to
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number of independent rhizomes and this, in turn, to the number of in
dependent genets, is highly variable frcm site to site.

What then is the available evidence that A. cardamines populations are 
stable? Frcm a study of egg densities per square metre it might be con
cluded that density is very variable, as 22 fold differences were observed 
at the same site over as brief a period as three years. Differences in 
adult numbers however were far less noticeable and much less readily 
detectable (see above). Likewise, Dempster (pers. comm.) estimates that 
adult numbers at Monks Wood varied only 3 fold over 10 years, whilst egg 
numbers varied 10 fold over just 5 years. The main 'evidence' for adult 
stability cones frcm the absence of documented outbreaks of A. cardamines 
and from Pollard (1984) (see Section 2.2.3.3). The charge that the degree 
of adult stability noted by Pollard's monitoring scheme is simply an arti
fact of the scarcity of Orange-Tips can be refuted to seme extent in that 
certain rather abundant species such as Melanargia galathea and Maniola 
jurtina are also noted for their stability. Furthermore, the average 
density of A. cardamines was not so low as same other species that were 
noted as being unstable in abundance. Hence, it seems plausible that adult 
populations of A. cardamines are reasonably stable.

Calculation of the actual rate of increase of A. cardamines for the 
Berkshire sites averaged over the three year study period, suggests that 
the population there is probably a little below equilibrium, as 'r' falls 
between 0.83 and 1.18 (calculated by assuming an average daily fecundity of 
10 eggs per female, an average longevity between 7 and 10 days following 
eclosion, and survivorship frcm oviposition to adulthood of 6.57%). Un
fortunately, it is still difficult to examine the likely stability of the 
A. cardamines population from its intrinsic rate of increase, due to the 
difficulty of estimating ^max* This difficulty arises frcm incomplete 
knowledge as to which plants are available and suitable for the butterfly 
and its larvae, and frcm a lack of knowledge of the physiological con
straints governing the realized fecundity of the females.

If the data are taken as showing that A. cardamines populations are 
more stable than those of many other butterfly species, then the questions 
still remain: why is observed egg density at a given site so variable, and 
what are the regulating factors at play? I shall return to these questions 
shortly.

What is the available evidence that C. pratensis populations are 
stable? The evidence is in fact very scant and probably has more to do
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with the longevity of the genets (which are thought to survive perhaps as 
long as sixty years) than population stability per se. C. pratensis pop
ulations are probably stable in the sense that under certain management 
regimes flowers continue to appear in the same area year after year, but 
there is no evidence as to how the rosette populations respond to perturb
ations, which would be the true test of stability. The number of flower- 
stalks per square metre at a given site varied as much as 7 fold between 
years in this study, and as much as 15 fold in Dempster's study at Monks 
Wood. As no consistent trend was observed over the years, (except in the 
longer term monitoring study in Pond Field) it is assumed that the differ
ences merely reflected changes in flowers per rosette, rather than 
mortality and recruitment of rosettes themselves. In Pond Field, the 
cessation of mowing caused plant numbers to drop significantly over the 
three year study period as dominance by Juncus effusus increased.

It is difficult to calculate either the actual or intrinsic rates of 
increase for the C. pratensis populations. Not only is fecundity per stalk 
difficult to assess (being so variable from site to site and from year to 
year depending on the attack rate of seed predators and flower head 
feeders), but also the flowering schedule during the lifetime of a plant is 
uncharted. Furthermore, whilst the germination success of seeds falling 
onto an established sward of vegetation is very low, soil disturbance may 
drastically increase recruitment and affect mean seedling survivorship, but 
it is not possible to adjust for disturbance without knowing the prob
ability (both in space and over a period of sixty years) of seeds landing 
on such bare soil. Without such an adjustment, even assuming that the 
plant flowered each year, the actual rate of increase would suggest that 
the population was doaned to decline and this is patently not the case. To 
take two sites for example, at the first, viable seed production was 
estimated to be 56 seeds per stalk per year, while at the other only 9 
seeds per stalk were produced. Repeated over 60 years, and assuming a seed 
to mature plant survivorship of 0.8% (germination success) x 40% (seedling 
to 1st year rosette survivorship) x 20% (1st to 2nd year survivorship), 
gives values of r ranging approximately between plus 0.76 and minus 1.06.

Inevitably, the short duration of grant-funded research means that the 
hypotheses that are under test are examined at the same time as the 
assertions on which the hypothesis is based. It is fortunate therefore 
that the available evidence proved suggestive (though by no means con
clusive) that both the insect and plant populations under discussion were
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stable, so that the exercise of examining the system for possible 
regulating mechanisms was at least viable.

What therefore, are the likely key and regulating factors in deter
mining the population size of C. pratensis, and what possible role could A. 
cardamines play? There are two stages in their life cycles at which C. 
pratensis and A. cardamines interact. The first is during oviposition by 
the female adult butterfly. This has no direct effect on the plant, but it 
does set the stage for the destruction of seed pods and seme foliage by the 
developing larva. The butterfly must exhibit certain attributes before it 
can even be considered as a potential regulator of the plant population, 
and it is necessary to ask whether the adult butterfly possesses these 
attributes. First for example it needs to show phenological synchrony with 
its host. As discussed earlier, the populations of A. cardamines and C. 
pratensis studies in Berkshire were better synchronised than were A. 
cardamines and A. petiolata. In Sussex however, the butterfly showed 
greater synchrony with the later flowering A. petiolata.

Second, oviposition success must be constrained by the butterfly's 
searching efficiency rather than by its potential fecundity. Daily ovi
position success may be rate-limited by physiological constraints (e.g. the 
development time of eggs), but over the life span of an individual it is 
more likely that host plant attributes or searching efficiency constrain 
oviposition rather than the availability of eggs. This is further 
supported by the substantial shortfall in realized fecundity (only 74% of 
potential fecundity). The butterfly does appear to have sufficient 
reserves in terms of fecundity to respond without a time lag to any sudden 
increase in the C. pratensis population.

Other prerequisites relate to the stability of the interactions. For 
example the butterfly must show negative density dependence (e.g. through 
mutual interference) so that the plant population is not over-exploited at 
high insect densities. This appears to be the case (see below). Stability 
would be enhanced if the butterfly responded to host plant distribution in 
a given generation by an aggregative response. Thus refuges of low density 
plants remain intact, as a source for plant regeneration. The butterfly 
does not always meet with this requirement. In the greenhouse, at low 
adult density, plants in high density patches do run a higher risk of 
receiving an egg, but at high adult density, both high and low density 
patches of flowerstalks suffer a high risk. A refuge may still exist, how
ever in that intermediate density plants are less exploited. This be
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haviour appears to occur in the field as well as the greenhouse.
The longer the butterfly takes to handle the prey in relation to 

search time, the less stable the system becomes. For Anthocharis, the ovi- 
position time is very short, although it may be that egg maturation rate 
could rate limit oviposition. This rather argues against the butterfly as 
a regulator of plant population density. Finally, the butterfly should 
suffer a decline in searching efficiency with declining host density. In 
fact, the reverse appears to be the case, an average 5% of flowerstalks 
are utilised, but up to 40% of stalks bear eggs at particularly low stalk 
density sites.

Thus, the behaviour of the adult butterfly does show many of the 
traits expected of a species that might regulate a stable population of 
another, with the important exception that its searching efficiency is 
inversely density dependent.

A. cardamines does however have another potential means of regulating 
C. pratensis. Whereas host plant selection by the adult determines the 
initial course of the interaction between larva and host plant, the larvae 
can still exert several effects in their own right. For example even if 
the adults did not show interference at high density, there are the 
possibilities that: 1) cannibalism could reduce the chance of overexploit
ation of the host plant; or 2) disruption of feeding might occur at high 
larval density (the reported widespread occurrence of sparring lends 
credibility to this). Cannibalism appears from the petri dish experiments 
to be relatively unimportant, showing no increase in the proportion of 
immatures cannibalised with increasing egg density. Furthermore, in the 
insectary there was weak evidence that larval interference reduced feeding 
rate at high larval density, but in the field experiments, high larval 
density did not produce obvious antagonism or lower larval survival. Where 
larval competition becomes intense, as it did at the Farm, scramble cam- 
petition appears to result rather than more stabilising contest com
petition. Thus it seems that the larvae add nothing to the stability of 
the system by way of interference. Another potential stabilising mechanism 
would be a decline in searching efficiency by the larvae with decreasing 
host density. This seems to occur when there are more than two transfers 
between host plants during larval development (as when flowerstalks are 
small or slug damage is prevalent). There appears to be a fairly constant 
success rate for the first transfer, but the subsequent number of transfers 
is positively correlated with flowerstalk density. However this



349.

potentially stabilising influence is probably nullified by the de
stabilising effect of the larva's functional response and the fact that 
handling time increases markedly compared with search time as stalk/pod 
density increases. Two further phenomena observed during the functional 
response experiments destabilise the system still further. Firstly there 
is a tendency for increased variance in feeding rate, once food avail
ability reaches the threshold for maximum intake. Secondly, unlike 
predator-prey interactions where attack on the prey usually results in 
immediate death, the plant can continue to grow whilst being eaten, leading 
in sane instances, to the impression of a negative feeding rate. To 
estimate the impact of larval feeding on seed production as a function of 
egg infestation rate, the variation in maximum larval feeding rate of 
different instars must be taken into account, together with the survivor
ship curve for the immature stages.

At four sites where A. cardamines was abundant (in the context of this 
study!) the seed loss sustained by C. pratensis due to larval feeding 
ranged between 3 and 14% of potential seed production. These figures are 
low compared with the damage caused by slugs and internal seed feeders such 
as weevil and moth larvae. It seems then that A. cardamines is unlikely to 
be the controlling factor in setting the equilibrium level of C. pratensis 
but its potential as a regulating agent cannot be entirely discounted un
less seed production is found to have little relation to seedling recruit
ment (see below).

The next crucial question is what governs the rate of seedling re
cruitment? In cases where herbivores regulate plant populations, through 
mortality, conventional wisdom has it that they tend to achieve regulation 
through seedling rather than adult mortality. The field germination 
experiments however demonstrated that recruitment frcm seed is very in
frequent in established swards and is limited by available microsites 
rather than by seed availability or subsequent herbivory. Hence inter
specific competition limiting microsite availability seems to constitute 
the key factor which is controlling (and possibly regulating) the pop
ulation density of C. pratensis. In most of the habitat this is 
responsible for maintaining the population density well below the level at 
which it would be regulated by intraspecific competition or, herbivore 
feeding. Intraspecific competition for limited microsites should not be 
ignored, and may be important in limiting C. pratensis recruitment in the 
early stages. Most seedlings are found in patches of bare soil where the
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habitat has been disturbed. Within these patches, intraspecific contest 
competition for microsites restricts recruitment, though sufficient seed
lings can germinate for further intraspecific competition to be noted at 
the seedling stage, as expressed in a reduction of the root weight of the 
high density individuals. However before intraspecific competition in
tensifies to the level at which reductions are also noticed in shoot 
weight, (or before self-thinning could occur), interspecific competitors 
invade the disturbed patch and resume dominance. Second year mortality of 
C. pratensis seedlings results in a relatively uniform, low density of 
plants.

It thus appears that the only way in which seed predation by A. 
cardamines or the other seed predators could influence the dynamics of C. 
pratensis would be if they lowered the level of seed output to such an 
extent that the probability of any seeds landing in a suitable microsite 
was substantially reduced. This, of course would occur at a much higher 
rate of seed production per unit area than that at which seed production is 
equal to the rate of microsite availability per unit area.

In summary, I conclude that it is very unlikely that A. cardamines has 
any regulatory effect on the dynamics of C. pratensis. Furthermore, the 
available evidence suggests that it has little influence on other measures 
of plant performance like rhizome weight or year to year survivorship. Nor 
does stalk feeding affect root stock reserves to the point where the pro
portion of plants flowering decreases or the time of flowering is delayed. 
No doubt the reserves of the perennial root stock act as a buffer against 
several consecutive years of high herbivore damage. It is more likely that 
continued foliage feeding by rabbits and slugs over periods of the order of 
60 years would eventually result in seme effect on rhizeme survival. The 
effect of these herbivores is likely to have more influence on the dynamics 
of C. pratensis than that of A. cardamines, rabbits because their scraps 
create the scarce bare soil needed by Cardamine for seedling recruitment, 
and slugs because they sometimes appear to increase the competitive edge of 
C. pratensis relative to other species in established swards. It is also 
probable that slug grazing increases the turnover of young seedlings in a 
given microsite.

The Holyport experiment suggests that the resources for seed pro
duction are produced annually from spring foliage, so that rhizeme weight 
remains constant or increases overall. This strategy may be responsible 
for maintaining the low annual mortality rate for rosettes (approx. 8%),
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and provides at least short term tolerance to attack by flowerstalk feeders 
and folivores. The plant only shews compensatory growth for very early 
herbivore attack. Again, this may be a strategy to conserve reserves.

In the short and medium term, therefore (up to about 60 years) C. 
pratensis exemplifies a plant whose dynamics are dominated by clonal 
growth.

On the other side of the coin, the question remains as to whether C. 
pratensis affects the population dynamics of A. cardamines?

A plant principally regulates the population density of its herbivore 
through the rate of food supply. There are three ways in which C. 
pratensis influences the population parameters of A. cardamines in this 
manner. First, the quantity of C. pratensis consumed by the larva was the 
main determinant of pupal weight and hence of potential fecundity. (This 
relationship was also affected by temperature, but the range used in the 
laboratory would not normally have been encountered in the field.) It is 
probably however the effect of food on wingspan and daily oviposit ion rate 
(correlates of pupal weight) which has more bearing on the realized 
fecundity achieved, rather than potential fecundity per se. Second, the 
female's perception of available food supply was found to be the main 
determinant of realized fecundity. On average only 5% of flowerstalks were 
utilized by the ovipositing female, which, in the light of other evidence 
on factors affecting realized fecundity suggests that the carrying capacity 
K is a good deal lower than estimated simply from a flowerstalk census.
(It appeared that at times there was a physiological limit to the number of 
eggs which could be laid daily, but other factors such as weather appeared 
to be an insignificant factor in influencing the egg shortfall (Contra, 
Courtney & Duggan, 1983).) The females do not restrict their egg laying in 
an altruistic manner, but appear to spend time searching for plants that 
will optimize larval survival. They do not maximize their oviposition rate 
by laying an egg on every apparently suitable flowerstalk they encounter.
It is proposed that the size of a field or patch of C. pratensis may have 
an inherent 'attractability' or probability of discovery to a mobile 
butterfly population simply as a pure species area effect, in accordance 
with island biogeography theory. Thus a count of female density would 
record a similar number of females passing through the site each year, and 
thus adult numbers would appear stable. (If the pool of migrant females 
dropped dramatically for any reason this difference in butterfly density 
would only be detected in the much smaller 'islands' of C . pratensis and
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those furthest from the area of most concentrated adult eclosion.) However 
the length of time spent in the field, and the number of eggs laid, are 
affected by the number of flowerstalks present that year, the number 
already utilized by other females and the presence of other females.
Female competition appears to lead to disproportionate use of low density 
flowerstalks, which are less favourable for larval survival. There will 
then cane a point when new females entering the site and assessing the 
level of competition might either quit without ovipositing or contribute 
further to the unfavourable egg distribution by dumping eggs and moving on 
quickly. This plant mediated adult interference only maintains stability 
of the A. cardamines population when the plant population remains stable 
fortuitously, or in circumstances where the adults migrate frequently and 
are able to exploit a sufficiently large mosaic of C. pratensis populations 
that decreases in the density of host plants at one site are 'damped' or 
compensated by increases in other patches. As we have seen, the plant pop
ulation density is not affected by the butterfly. Thus the adult butter
flies experience sane density dependence through host plant mediated inter
ference and migration, but no population stability is afforded by this be
haviour because there is no feedback mechanism by which plant density 
responds to intensity of larval grazing. The butterfly can adjust its 
response to plant density but do nothing to influence it.

The third means by which C. pratensis influences A. cardamines 
dynamics is through its effect on the larvae. Certain attributes of C. 
pratensis influence larval survival and hence the intrinsic rate of in
crease. For example a larger plant significantly increases survival be
tween the 3rd and 5th instar (p < .01) because the larva need not transfer 
to another flowerstalk to complete development. A minimum of 47 mg dry 
weight of food or 3 pods are needed in the lab, but for the field a more 
realistic range is 187-312 mg dry weight or 12-20 pods, (cf. 4 pods 
observed by Dempster pers. comm.). At higher plant density the success 
rate of two or more transfers between host plants is also improved. Over
all it appears that starvation accounts for 47% of 3rd-5th instar larval 
mortality. There is limited evidence from one of the sites studied for 
three years that the percentage larval mortality is positively correlated 
with the percentage of flowerstalks infested by eggs during the oviposition 
period. This may indicate that even amongst an apparent surfeit of host 
plants, the larvae are actually resource limited. Conversely, a greater 
infestation may be a correlate of higher egg density per unit area, which
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attracts seme form of density dependent response from a predator or 
parasite. Larval resource limitation would result in the A. cardamines 
population tracking the plant population, and if this were the only 
mechanism, any stability observed would depend entirely upon the 
externally-determined stability of the host plant population.

It is concluded then that as the plant population operates independ
ently of the butterfly population, if there is true stability in the 
butterfly population rather than fortuitous stability, it must be due to 
regulation by sane other factor in the system, or scroe other factor in con
junction with the host plant.

Density dependent regulation by pupal predators seems unlikely, be
cause even for a generalist enemy switching between prey, A. cardamines 
pupae would be found with such a low frequency that they would only be con
sumed in a purely opportunistic manner and are unlikely to form an 
important part of the diet of any predator (particularly a mammalian or 
avian predator). It seems equally unlikely that the successful pupation is 
restricted in a density dependent manner by the number of safe pupation 
sites (though until more is known about the location of pupation this can
not be stated categorically). Discounting these two factors leaves only 
the possibility of egg or larval cannibalism, predation or parasitism. 
Cannibalism was rarely suspected in the field in this study and Dempster 
also found it to occur at too low a level to be a significant density 
dependent factor. In the petri dish experiments there was no evidence that 
cannibalism was density dependent, and a constant proportion of eggs was 
killed between densities of 2 and 6 eggs per dish. However, it was noted 
in the field that as eggs per flowerstalk increased the risk of mortality 
increased by 1.27 for every extra egg present, in other words where a prime 
plant received more than one egg per flowerstalk, density dependent egg 
predation was observed. Density dependent predation was not noted at the 
scale of eggs per quadrat (perhaps for reasons discussed in Section 
2.3.3.4), but as also mentioned earlier weak evidence of overall density 
dependent mortality was observed. It is possible that by switching between 
hosts, Hyposoter might have sane regulating influence on these southern 
pop-ulations (this parasitoid was not found by Courtney in Durham).

In summary to answer the question does the host plant regulate the 
density of the butterfly via a host plant mediated change in A. cardamines 
behaviour, we need to know more about the range of individual females and 
to be able to define what constitutes a discrete butterfly population.
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Assuming that the butterfly population can be delimited at a fairly local 
level (and this is a large assumption given that the population could well 
be continuous over large areas in Scotland, England and Wales, and given 
that my analysis of the system is oversimplified in that other host plants 
need to be considered at larger spatial scales), then the mosaic of C. 
pratensis populations could be investigated as regards its population 
stability. Two models could then be derived depending upon plant 
stability. First, if the plant (and flowerstalk) population is stable 
overall, then this could be the means by which the butterfly population is 
regulated, a rise in the A. cardamines population giving rise to a shortage 
of oviposition sites, fewer eggs, fewer adults and a return to equilibrium. 
A fall in the A. cardamines population would mean either more plants per 
adult, or restricting usage to only the very best quality plants, so that 
larval survival and potential fecundity the next year were increased and 
numbers would return to equilibrium.

The alternative model assumes that the plant population is actually 
unstable at this scale. In this case, it is suggested that the observed 
stability of A. cardamines is due to density dependent predation or 
parasitism of the immature stages. Under this scheme, the plant does not 
regulate the butterfly.

A third model is also possible, in which the plant population is 
stable and the butterfly population has two possible equilibrium states, a 
lower equilibrium regulated by predation and parasitism, and an upper 
equilibrium regulated by host plant resource limitation, but as with so 
many of the alleged examples of multiple equilibria, there are no firm data 
to back up the assertion.

It is clear that several difficult areas have to be tackled before 
these questions can be answered in full. The size of the butterfly pop
ulations must be determined, and the stability of C. pratensis populations 
monitored at the same, large spatial scale. The factors influencing 
flowering also need to be examined. The pupation sites of A. cardamines 
must be located and more work carried out on mortality occurring in the 
pre-pupal wandering phase. Parasitism and predation require more detailed 
investigation. Finally, more precise definitions are required of what, 
exactly constitutes an available plant for the butterfly, and an available 
microsite for a seedling. These latter problems are formidable, but they 
are vital for a full understanding of the dynamics.

To take the study further would require a team of workers due to the
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time-consuming nature of the work compared to the short duration of the 
butterfly-plant interaction. The culturing facilities such as cages and 
vernalizing chambers would need to be increased, though the problem of pre
venting diapause and disease would still remain an obstacle to continuous 
culturing of A. cardamines.

An understanding of the dynamics of C. pratensis will not be obtained 
simply by increased manpower alone. For example, it is difficult to find 
sites that remain intact from one year to another, with road building and 
drainage the major problems in the Berkshire area. Thus, even if greater 
numbers of plants were tagged, and permanent markers could be devised there 
is no guarantee that the site as a whole would survive the study periodI A 
second problem with the plant's biology is that so many of its important 
processes occur below ground, so that most experiments require destructive 
sampling and this increases the size of the experiment. A further problem 
concerns the time scale, in that a clone may well outlive even the longest- 
lived researcher, and seed germination is probably only important in long 
term and evolutionary dynamics. In order to draw up an age-specific 
flowering schedule for the plant, young seedlings of known age would have 
to be planted out and followed over many years.

Problems arise with monitoring germination experiments in the later 
stages because seme of the seedling rosettes produce further propagules 
frem their leaves, which root independently and cannot then be dis
tinguished from true seedlings. Finally, damage assessment itself creates 
some problems. Estimates of foliage damage become less accurate the 
greater the damage, because it is more difficult to estimate what the 
original leaf area would have been. It is also not easy to know when to 
harvest large plants for assessment of the relation between damage and seed 
production because the upper pods are unripe while the lower ones are 
dehiscing. It is also difficult to know how long to leave the plant once 
the seeds are mature, in trying to calculate the probability of discovery 
by a migrant orange-tip larva, since many seeds will be lost through 
dehiscence if the plant is left too long.

One of the biggest questions raised by this kind of study is how much 
time should be spent studying variables in isolation (so that mechanisms 
can be more fully understood) given that, under field conditions so many 
interactions may occur. On the other hand the number of interactions 
obscured by environmental noise in the field makes the detection of main 
effects let alone interaction effects, statistically difficult. This study
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attempted to follow a compromise between the Scylla of abstract, controlled 
experiments and the Charybdis of field observation.

This study has shown clearly that A. cardamines neither regulates nor 
controls the population density of the host-plant £. pratensis. It is 
rather less clear whether or not C_. pratensis regulates the population 
density of A. cardamines, but, in any case, C. pratensis has more effect on 
the population parameters of A. cardamines than vice versa (contrary to 
Wiklund's conclusion that the butterfly has more effect on the plant than 
vice versa (Wiklund & Ahrberg, 1978)). Vfe can be reasonably confident that 
this plant-insect interaction can be cited as an example of an asymmetric 
relationship, in which the plant has a much greater effect on the herbivore 
than the herbivore has on the plant. Such asymmetric relationships may 
turn out to be much more prevalent than conventional ecological theory 
based on Lotka-Volterra dynamics, would suggest.



CHAPTER 5 : SUMMARY

5.1 INTERACTIONS
The nature of the ecological interactions between a perennial crucifer 

C. pratensis and one of its seed predators the pierid A. card amines was 
elucidated both by field observations and by experimental manipulation of 
seme of the contributory factors influencing these interactions.

5.2 POTENTIAL FECUNDITY AND PUPAL WEIGHT OF A. CARDAMINES
Pupal weight was found to be significantly related to the dry weight 

of C. pratensis eaten in the 5th instar (r = 0.83, p < .005, 19 df). In 
turn, pupal weight was significantly correlated with total egg load (r = 
0.87, p < .001, 26 df) and the proportion of chorionated eggs shortly after 
eclosion (r = 0.88, p < .001 with 26 df). Below a threshold pupal weight 
of 63 mg no chorionated eggs developed. Wing breadth was significantly 
correlated with pupal weight (r = 0.8, p < .005, 46 df). The mean pupal 
weight of field caught fonales (estimated from wing breadth measurements) 
was 138.5 + 7.4 rag and mean potential fecundity 378 + 18 eggs per female. 
Male pupal weight was significantly lighter than female weight, x = 95.9 +
9.1 mg (p < .05). However, using the relationship established in the lab
oratory between maximum larval body length attained and resultant pupal 
weight, the average pupal weight of the wild individuals measured was 
estimated to be 111.80 mg, which corresponds to 314 eggs per female.

Experiments demonstrated that females would mate and could produce 
fertile eggs successfully without feeding as adults, and that adult feeding 
does not result in increased potential fecundity.

5.3 MATING
Mating by natural pairing was achieved for the first time on record 

out of season and in captivity. Females would mate 6 hours after eclosion 
(a shorter period was not tested) and fertile eggs could be laid within 5 
hours of mating (again a shorter period was not tested). The mean duration 
of mating with "virgin" males was 38.4 + 3 (S.E.) minutes, with a range of 
15-80 minutes. If a male copulated again within 30 minutes, the second 
mating usually lasted between 6 and 18 hours. Spermatophore replacement 
time was estimated to be 6 hours. The maximum number of matings obtained 
by a single male was seven. In competition certain males had a higher 
success rate at mating than others; experienced males captured females more
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quickly than novice males, whilst fonales rejected small males more often 
than large males.

5.4 REALIZED FECUNDITY OF A. CARDAMINES
5.4.1 Greenhouse Experiments

Hourly oviposition rate was most affected by the number of hours that 
had passed since the onset of egg laying (p < .005) and the pupal weight of 
the individual female (p < .01). There was also a trend towards an in
crease in the mean number of eggs laid per female with increasing female 
density. Flowerstalk density had no significant effect on hourly ovi
position rate. Ccmmonly fewer than 50% of stalks were used, whilst up to 
60% of egg receiving stalks were used repeatedly.

In an experiment where different patch densities of flowerstalks were 
presented simultaneously to both single females and groups of three 
fenales, single females laid proportionally more eggs in the high density 
patches and spent more time in such patches, whilst high density females 
overexploited the single flowerstalks. At low female density most eggs 
were randomly distributed between the flowerstalks, while at high female 
density they were aggregated.
5.4.2 Field Experiments and Observations

Mean realized fecundity was estimated to be only 100 eggs per female, 
an apparent egg shortfall of 74%, yet for 20 sites ranging in area from 75 
to 130,000 m , an average of only 5% of flowerstalks received eggs (p < 
.01). It is unlikely that weather was the cause of this shortfall as no 
correlation was found between the number of eggs laid per day and the 
number of sunshine hours in either 1982 or 83. Field and lab observations 
both suggested that the relationship between eggs laid and sunshine hours 
was a sigmoid one, with the plateau due to either physiological constraints 
on oviposition rate, change of motivational state in the female or host 
plant limitation. It also seems unlikely that the low percentage host 
plant utilisation was due to poor searching efficiency because the per
centage infestation could in fact be higher at very low densities of plants 
and isolated clumps of plants were found by the butterfly.

It therefore seems likely that the level of availability of suitable 
plants was lower than indicated by inclusive surveys of all flowerstalks in 
a habitat. Not a single attribute of the flowerstalks was consistently 
significantly different between egg bearing and randomly selected stalks at 
all sites, however factors which significantly influenced selection at
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different sites included: proximity to nearest neighbour, high stalk 
density, age of flowerstalk, proximity to edge of habitat, height of stalk, 
florets per stalk. It is also possible that host selection may have been 
based on a combination of multiple criteria, Additional evidence that sane 
plants are more attractive than others canes fran the observation that for 
stalks chosen in 1982 there was a significantly higher probability of being 
chosen in 1983 than for stalks not chosen in 1982 (t = 2.04, p < .05).
Also positive correlations were found at sane sites between number of eggs 
per stalk and stalk height, floret number and inflorescence number, aggre
gation also occurring on low density stalks. (Unlike seme previous 
studies, Wiklund & Ahrberg, 1978; Courtney, 1980, the dispersion of eggs 
per flowerstalk was found to be either randan or aggregated, sites where 
the distribution was overdispersed were exceptional - i.e. there was no 
evidence of oviposition deterrence).

At the majority of sites eggs were significantly aggregated in certain 
quadrats and these tended to be the higher density quadrats. This aggre
gation did not appear to be the result of hasty dumping of eggs at one time 
as at a particular location the eggs were observed to accumulate over nine 
days suggesting frequent return to the spot. The probability of attack for 
individual flowerstalks at different quadrat densities at different sites 
fell into 3 categories: 1) it was U-shaped, probably resulting from the 
opposing trends of increasing attractivity as clump size increases versus 
the dilution effect of more stalks for the butterfly to choose from; 2) it 
increased with flowerstalk density; 3) no discernible pattern. It is 
suggested that female interference as seen in the cage experiments leads to 
the U-shaped probability function, the premature departure of females frcm 
the site and the apparent underexploitation of the plant population at 
given sites.

5.5 EGG AND LARVAL STAGE
5.5.1 Feeding and Development

The functional response curves for all instars were type II, with
maximum feeding rates for 1st to 5th instars estimated to be: 0.005, 0.004,
0.007, 0.040 and 0.062 g dry weight per larva per day. Food intake in-

1 19creased with body weight * . 5th instars ate fewer pods at a given pod 
density when fed old stalks rather than young stalks. At 20°C the 1st to 
5th instars ate 2.8, 2.0. 4.2, 27 and 64% of the total life time food con
sumption. A trend of increased variance in feeding rate with increasing
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food availability was noted. In the field 12-20 pods (187-312 mg dry 
weight) were needed to complete development. Weak evidence was obtained 
for a decline in larval searching efficiency with increasing larval 
density, though this was not observed in the field.

Between 10°C and 30°C, 5th instar larvae increased their daily food 
intake 6 fold (frcm 12.6 + 5.4 mg to 71.7 + 5.2 mg dry weight) whilst total 
development time from oviposit ion to pupation decreased four fold curvi- 
linearly (frcm 66 to 15 days) over the same temperature range. The temper
ature required for minimum development time was 5-10°C lower than con
ditions normally experienced in the field. Disease susceptibility was 
greater at 10°C, whilst at 35°C eggs became heat sterile. Overall total 
food consumption increased with temperature but pupal weight decreased.

The basis for an artificial diet is given, but development time on the 
diet was prolonged and pupal weight heavier than for larvae fed on C. 
pratensis.

The maximum body length attained by 5th instar larvae was signi
ficantly correlated with pupal wet weight (r = .491, p < .01, 40 df), and 
the minimum body length required for successful pupation in the lab was 24 
mm.

In the field 87.5% of sightings of 2nd-4th instars on cauline or 
rosette foliage occurred prior to pod depletion, suggesting that the 
foliage is not just used as a fall-back if pods are unavailable.
5.5.2 Survivorship and Dispersal

The overall pattern of survivorship of A. cardamines on C. pratensis 
is one of high egg loss and 1st instar mortality followed by better 2nd and 
3rd instar survival with mortality rising again in the 4th instar.

Mortality risk in the egg stage increases 1.27 times for each extra 
egg per flowerstalk, this is not due to cannibalism and is possibly attri
butable to arthropod predators. Such density dependent mortality was not 
seen in petri dish, experiments where the proportion of eggs/larvae 
cannibalised was constant irrespective of initial egg density. In the 
field egg density per quadrat has no general effect on egg mortality over 
all sites, though within sites there was a rise in mortality with egg 
density. At seme sites there was also a trend of increasing mortality with 
increases in the yearly mean for egg density.

1st instar mortality was also significantly affected by initial egg 
density per flowerstalk. 2nd instar mortality was low and mostly due to 
unknown causes. In the 3rd instar most known deaths were due to food
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shortage and parasitism. The parasitoid Hyposoter (species unclassified) 
and hyperparasite Mesochorus sp. were both noted for the first time in A. 
cardamines. Unparasitized Hyposoter larvae emerged frcm 3rd and 4th instar 
A. cardamines, formed a cocoon and then emerged 7 or 8 days after that. 
Parasitized Hyposoter larvae emerged frcm 5th instar A. cardamines and the 
hyperparasite took 9-13 days to emerge frcm the Hyposoter cocoon. There is 
no evidence of the parasitoid aggregating in areas of high host density, 
nor of using host plant density as a cue to host finding.

47% of 3rd-5th instar mortality was accredited to starvation. 30% of 
those larvae reaching 3rd instar subsequently depleted their host plant 
prior to completion of larval development (cf. Wiklund & Ahrberg, 1978) and 
44% failed to successfully locate a new host. Of those which did success
fully transfer, many required to move again due to heavy slug damage on the 
new plant. Success in transferring hosts more than once was positively 
correlated with flowerstalk density. The maximum distance a larva was 
found frcm its original host plant was 3 m (cf. Wiklund & Ahrberg's (1978) 
estimate, 10-15 m) and the maximum number of transfers by one larva was 
six. The degree of slug competition appeared to influence the relationship 
between larval survivorship and stalk density; where slugs were abundant 
their aggregation in high density patches of host plant nullified the 
benefit to the larva (e.g. ease of transfer) of being in a high density 
patch, because the plants were frequently denuded of pods and also the 
slugs would physically oust the larvae frcm the stalks. No evidence of 
intraspecific contest competition was noted frcm field studies, though at 
high larval density intense scramble competition for pods may have resulted 
in starvation. Intraspecific competition may restrict the spread of the 
butterfly population frcm one site of high plant density to another by 
lowering survivorship in the intervening isolated stepping stone patches.

Stalk size was positively correlated with larval survivorship within a 
site and between sites, not because it influenced size attained before 
transfer and therefore rate of successful transfer, but probably either be
cause it is indicative of the size of secondary hosts or that intraspecific 
variation in plant height influences arthropod predation or interspecific 
competition. At sane sites instar reached also improved with plant age, 
and with decreasing distance to the nearest hedge.

There was no overall difference in the survivorship rate of larvae to 
prepupation dispersal on flowerstalks chosen and not chosen by ovipositing 
females, evidence perhaps that there is little chemical difference between
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the two classes of plants, however death due to non-feeding in the 1st 
instar and disease were greater on the non-chosen plants, and also the fate 
of a larva on a given plant in one year was a good predictor of how further 
larvae fared in future years. Chemical differences are also suggested by 
the observation that a number of larvae vacate their host plant whilst a 
number of pods still remains.

There was no difference in larval survival on early and late flowering 
stalks.

The distance (cm) moved per hour on short grass was 20.5, 43.8 and
86.2 for 3rd, 4th and 5th instars respectively. Speed doubles with instar. 
There was a trend of increasing total distance moved, net distance moved 
and amount of turning with increasing hunger state. Prepupal larvae were 
more directional in their movement, turning less often.

5.6 PUPAL STAGE
Attempts to track 5th instar larvae to their pupation site using 

radioactive wires and UV fluorescent dyes were unsuccessful.
In experiments where pupae were placed out in the field the substrate 

(tree, herb, ground etc.) had a significant effect on risk of predation, 
whilst density of pupae was not important. Both vertebrates (small mammals 
and birds) and arthropods were implicated in the pupal mortality.

Diapause could be shortened to 5-6 months by placement in a fridge at 
5°C immediately after pupation.

5.7
The biology of C. pratensis is reviewed.

5.8 SEED PRODUCTION
The results show that impact of the various factors which can in

fluence seed production varies frcm site to site, year to year and with 
local flowerstalk density.

Only about 50% of tagged rosettes flowered in two successive years, 
and the 7 fold variation in stalk density noted over a 3 year period was 
assumed to be due to variation in flowering and variation in the number of 
flowerstalks per plant. For a sample of 180 plants carefully dug up, there 
was a mean of 1.37 + .06 stalks per plant. For young rosettes over a 
density range of 58 - 595 rosettes/sq m, no effect of density on percentage 
flowering was noted. Under intense intraspecific competition the number of
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flowering rosettes decreased.
There was an inter-site correlation between mean florets per stalk and 

mean stalk density per site, but no within site correlation was observed. 
Late flowering plants had less florets per stalk.

Bud shortfall was one of the major factors leading to reduced seed 
production. At sites where the number of buds per stalk differed with 
density, bud abortion was lower on the more flowery stalks. Rabbit grazing 
had a low k-value relative to other factors, though at one site 19% of high 
density stalks were grazed by rabbits. Rabbits usually attacked plants at 
the drier margins of a site and early in the season before the associated 
vegetation grew too high. The only compensatory growth shown by C. 
pratensis was occasional regrowth following rabbit grazing. Generalist 
lepidopteran larvae attacked only 0.1-0.3% of florets, while A. cardamines 
caused substantially greater losses in seed production of between 3 and 14% 
at 4 different sites. At these sites between 6 and 21% of stalks received 
eggs and the damage levels suffered by the plants varied inversely with the 
survivorship to 5th instar of the larvae. Slug damage was very variable 
depending on spring rainfall and the wetness of the site. Slugs had two 
effects, first direct flower destruction (up to 45.8% of florets were 
destroyed by the end of the season at one wet site) and second foliage 
destruction, which seemed to reduce seed complement per pod. Slug damage 
tended to be aggregated in areas of high stalk density. Levels of pollin
ation failure were very variable.

The great abundance of the internal seed feeders (particularly A. 
rufimitrella and the Ceutorhynchus sp.) made them the major mortality 
factor in the years and sites studied. Cecidcmyids were rare, but occurred 
in clusters of up to 20 per pod, whilst generally there was 1 moth or 
weevil larva per pod. Only the weevils discriminated between stalk density 
when egg laying, with a "preference" for high density stalks.

Pod size seemed to be determined early and was negatively correlated 
with total floret number per stalk at the beginning of the season (r = 
-.386, 48 df, p < .01) but not with the number of fertile pods produced 
(i.e. there is no sign of compensatory size increase in the surviving 
pods) , however the number of seeds per pod seemed more plastic.

5.9 SEEDLINGS AND RECRUITMENT
Germination was first noted 23 days after sowing. There were two 

phases of recruitment, one late in October, and another in March, the
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second phase may have represented asexual leaf propagation rather than 
germination. Decreases in seedling numbers appeared to correspond with an 
intensification in competition from other plants.

Seed immigration and the seed rain appeared to play a greater role in
the dynamics of C. pratensis than the germination of dormant seed from the

2 . 2 seed bank (41 seedlings per m per annum ccmpared to 31 seedlings per m
per annum). The source of inmigrant seeds is mysterious, though an in-

2dependent calculation predicted a seedfall of about 350 seeds per m at the 
same site.

In established swards microsite availability rather than seed input 
was the factor limiting recruitment, as sowing caused virtually no increase 
in the seedling count. There was an almost significant interaction between 
slugs and substrate, on bare soil slug exclusion promoted establishment, 
whilst in mature swards establishment was reduced. There was greater vari
ability in recruitment in the replicates of the plots with slugs than seen 
in the control slug-excluded plots. Rabbits had beneficial effects on 
germination in that their scrapes created patches of bare soil but dis
advantageous effects in that they also tended to dig preferentially in 
areas of bare soil.

5.10 SURVIVORSHIP CURVE OF C. PRATENSIS AND MATURE PLANTS
Rosette death over the first winter is approximately 60% increasing to 

80-90% over the second winter. The death risk for mature rosettes over the 
period monitored was approximately 8%, which if it remains constant gives 
an estimated longevity of 60 years. It is believed that seed production is 
supported by the current years photosynthate thus allowing rhizcme weight 
to remain constant and to act as a reserve against attack giving a low rate 
of mortality and a high tolerance of folivores. Under succession the pop
ulation declined at 22% per year.

A. cardamines had no short term effect on shoot survival, there was no 
significant difference in the mortality of non-flowering rosettes 
irrespective of whether their stalks had or had not been damaged by orange- 
tip larvae. There is possibly a cumulative long term effect.

The negative binomial provided a good fit to the distribution data for 
the Pond Field population.

5.11 GENERAL CONCLUSIONS
It was concluded that A. cardamines was unlikely to be the controlling
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factor setting the equilibrium level of C. pratensis or the regulating 
factor influencing fluctuations about that level. Rather interspecific 
competition limiting microsite availability seemed to constitute the key 
factor. The minimum 'r' for C. pratensis was estimated to be between 0.76 
and -1.06.

There was little evidence that A. cardamines affected other measures 
of plant performance such as rhizcme weight or year to year survivorship. 
The cumulative effects of other generalist herbivores such as slugs and 
rabbits eating the foliage and creating gemination sites may be more 
important in C. pratensis dynamics.

C. pratensis influenced a number of measures of performance of A. 
cardamines such as potential and realized fecundity, adult interference 
behaviour, larval survival and dispersal. However as in the short tern at 
least the plant population appeared to change independently of the butter
fly population with no feedback mechanism, if there was true stability in 
the butterfly population it must have been due to either fonales exploiting 
a mosaic of plant populations in a manner detemined by female interference 
or regulation by same other factor in the system, possibly arthropod 
predators or parasitoids.

Further investigation is required. Calculation of the actual rate of 
increase of A. card amine for Berkshire sites averaged over 3 years 
suggested that the population was a little below equilibrium, as ' r* fell 
between 0.83 and 1.18.
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Appendix 1 : Relationship between dry weight of food eaten during the 5th 
instar and pupal weight.

Dry weight of food eaten Pupal wet weight Sex
(nq) (mg) (where kept)

159.0 118.6 Female
163.1 108.9 Male
144.6 110.2 Male
175.9 107.1 Male
152.3 101.4

147.6 102.6
128.2 101.2
93.2 105.3 Female
167.3 127.2
170.1 130.8 Female
179.8 128.4 Male
158.3 115.6
161.4 95.1
190.9 110.0 Female
136.5 100.2
120.7 104.1 Female
109.1 83.6
68.4 57.1 Female
117.0 107.6 Male
29.7 63.7 Male
40.4 75.2 D iseased during w inter

Appendix 2 : Effect of female pupal weight on potential fecundity.

Pupal weight 
(mg)

Total no. 
of eggs Immature Yolked Chorionated Bnerged Wing

span (nrn)

103.8 394 152 216 26 12
138.4 435 280 120 35 14 22
110.1 355 192 144 19 10 21
114.8 340 192 112 26 7
101.9 314 168 120 26 5 20
108.2 304 168 128 8 10
118.0 280 184 80 16 14 21
132.7 315 184 96 35 2
117.7 322 192 104 26 4
130.8 339 232 72 35 18 22
141.2 371 160 176 35 12 22
125.2 307 160 120 27 16 21
69.4 240 128 112 0 12 18
85.6 272 160 104 8 14 19
58.5 168 120 48 0 6
59.7 136 104 32 0 10
66.6 224 160 64 0 13
74.2 256 200 56 0 6
74.8 208 136 72 0 10
72.7 208 128 80 0 11 18
68.0 176 144 16 0 2
61.5 216 184 32 0 14 17
86.2 234 144 88 2 2
77.4 248 144 96 8 6
76.0 224 136 72 16 17 18
102.8 266 128 120 18 11
82.5 192 104 88 0 8
94.3 290 192 80 18 1

403 .



Appendix 3 : Effect of fanale pupal weight on wing breadth.

Pupal Weight Wing breadth Pupal weight Wing bread1
(mg) (mm) (mg) (mm)

133.6 21 76.7 17
109.3 20 136.2 22
145.6 24 115.5 22
108.4 20 100.9 20
103.1 20 58.8 16
118.2 21 69.5 19
73.8 17 93.7 20
143.2 19 84.6 19
82.6 17 125.7 21
124.9 21 72.1 17
116.3 21 80.5 19
145.0 22 97.9 23
139.0 24 59.3 16
154.9 24 66.5 16
61.7 18 111.8 21
114.3 21 102.3 21
126.7 23 88.9 20
143.2 22 109.5 19
126.3 17 93.5 20
84.4 18 123.2 21
76.5 17
143.2 22
143.2 22
95.8 19
94.7 20
109.7 20
95.5 20
100.1 20

Appendix 4 : Effect of female age on egg age composition in the ovarioles.

Time after 
emergence n

Proportion:- 
Chorionated Yolked Immature

Total no. 
of eggs

2 hours 5 0 0.33 0.67 260
0 0.12 0.88 270
0 0.25 0.75 240
0 0.40 0.60 200
0 0.16 0.84 200
0 0.25 0.75

6 hours 5 0.06 0.42 0.52 306
0.13 0.29 0.58 275
0.05 0.30 0.65 320

. 0.05 0.46 0.49 312
0.07 0.34 0.59 352
0.072 0.36 0.57

1 day 1 0.04 0.36 0.61 224
2 days 2 0.05 0.31 0.64 280

0.06 0.37 0.57 306
0.055 0.34 0.60

3 days 1 0.04 0.30 0.66 130
4 days 3 0.02 0.33 0.65 330

0.04 0.41 0.55 220
0.08 0.10 0.82 240
0.047 0.28 0.67

6 days 2 0.08 0.22 0.70 300
0.07 0.26 0.67 280
0.075 0.24 0.685
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Appendix 5 : Results frcm experiment on the effect of flowerstalk density on hourly rate of oviposition.
4 0 5 .

a) Effect of stalk density and female differences on the hourly rate of oviposition (during the first 5 hrs of egg layinc: 
in a females life)

Female

Density (stalks) Variation in females

1 2 4 8 16 x eggs 
laid/hr S.E.

Pupal
weight
(mg)

Days since 
emergence

1 3 6 6 4 1 4.0 0.95 115.5 10
2 3 1 4 0 4 2.4 0.81 94.7 11
3 4 5 3 1 2 3.0 0.71 86.7 9
4 1 2 5 4 6 3.6 0.93 123.6 11
5 2 4 1 2 9 3.6 1.43 102.3 9
6 4 3 4 11 3 5.0 1.52 124.9 8
7 1 7 0 2 0 2.0 1.3 116.3 8
8 6 3 5 4 7 5.0 0.71 139.0 9
9 14 7 12 10 1 8.8 2.27 143.9 9
10 8 2 2 9 14 7.0 2.28 143.2 9

Mean eggs per hour 4.6 4.0 4.2 4.7 4.7

S.E. 1.25 0.68 1.05 1.24 1.38

b) Effect of time on the hourly rate of oviposition

Hours after flowerstalks first presented to female

Female Day 1 Day 2 % X2 Prob

1 2 3 1 2

1 4 3 6 6 1 1.13 4.52 NS
2 4 3 4 1 0 1.37 5.48 NS
3 5 4 1 3 2 0.84 3.36 NS
4 4 6 1 5 2 1.20 4.8 NS
5 9 2 1 2 4 2.84 11.36 .05
6 11 3 4 3 4 2.31 9.24 NS
7 7 1 0 2 0 4.25 16.99 .01
8 6 5 4 7 3 0.50 2.0 NS
9 14 10 7 12 1 2.93 11.72 .05
10 8 14 2 9 2 3.71 14.84 .025

Mean eggs per hour 7.2 5.1 3.0 5.0 1.9

S.E. 1.06 1.27 0.75 1.12 0.46

i
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Appendix 6 : Effect of 'sunshine' hours on mean hourly oviposition rate 
when host supply is limited.

Female Mean rate 
(2 hrs 'sun')

Mean rate 
(6 hrs 'sun')

Mean rate 
(2-6 hrs)

Total over 
experiment

1 19.5 7.83 2 47

2 6 4.5 3.75 27

3 5 2.67 1.5 16

4 6 2.33 0.5 14

5 1.5 1.67 1.75 10

6 7 3.5 1.75 21

7 12.5 5.17 1.5 31

8.21 + 2.25 3.95 + 0.79 1.82 + 0.37 23.7 + 4.8
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Appendix 7 : Spatial distribution of egg laying with time, 

a) Spatial distribution of eggs after 2 hrs

Female 1 2 3 4 5 6 8 9 10 11

Eggs per stalk 

0 11 9 11 9 18 8 9 14 7 15
1 3 10 8 10 1 12 9 1 7 3
2 2 1 1 1 1 1 2 3 4 1
3 1 0 0 0 0 0 0 2 2 1
4 1 0 0 0 0 0 0 0 0 0
5 1 0 0 0 0 0 0 0 0 0

20 1 0 0 0 0 0 0 0 0 0
Total eggs 39 12 10 12 3 14 13 13 21 8
Variance 20.26 0.36 0.37 0.35 0.24 0.57 0.45 1.19 0.997 0.67

Mean 1.95 0.6 0.5 0.6 0.15 0.7 0.65 0.65 1.05 0.4

% 10.39 0.6 0.74 0.6 1.60 0.47 0.69 1.82 0.95 1.68

X2 197.41 11.4 14.06 11.4 30.4 8.93 13.11 34.58 18.05 31.92
Prob .01 NS NS NS NS NS NS .05 NS NS

% stalks used 45 55 45 55 10 60 55 30 65 25

Mean % stalks used = 44.5 + 5.5

b) Spatial distribution of eggs after 6 hrs

Female 1 2 3 4 5 6

Eggs per stalk 
0 11 6 5 8 13 2
1 2 7 14 10 5 15
2 1 4 1 2 1 3
3 2 1 0 0 1 0
4 1 1 0 0 0 0
5 2 1 0 0 0 0
23 1 0 0 0 0 0

Total eggs 47 27 16 14 10 21
Variance 26.76 1.92 0.27 0.43 0.68 0.155

Mean 2.35 1.35 0.8 0.70 0.50 1.05

v/„ 11.39 1.42 0.34 0.62 1.37 0.15

JC2 216.41 26.98 6.46 11.78 26.03 2.80

Prob .01 NS .01 NS NS .01

% stalks used 45 70 75 60 35 90
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Appendix 8 : Data foe experiment on the effect of female and plant density on eggs laid in the greenhouse.

Trea
Female
density

anent
Stalk

density

Total 
eggs 
laid in 
24 hrs

x per 
female

Eggs
laid
after
expt

x per 
female

Total
eggs
laid

X
per
female

X
chorionated

eggs
remaining

x total 
remaining

X
chorion

x eggs
/ V  hr

3 25 15 5 33 11 48 16 17.33 + 2.66 226.67 + 14.5 33.33 0.33 + 0.18

3 25 14 4.66 27 9 41 13.66 17.00 + 3.00 130.33 + 63.5 30.7 0.31 + 0.09

3 5 4 1.33 21 7 25 8.33 16.00 + 8.3 235.00 +  15.0 31.00 0.088 +  0.39

3 5 24 8 28 9.33 52 17.33 26.00 + 15.5 280 +  28.9 43.33 0.533

1 5 5 5 9 9 14 14 3.00 140 22 0.33 +  0.22

1 25 0 0 0 Died and eaten by ants

1 25 0
Defective egg sepc

0
iration

0 20.00 250.00 20.00 0

Appendix 9 : Temporal pattern of egg laying over a 24 hr period.

Time 6-9 9-10 10-11 11-12 12-13 13-14 14-15 15-16 16-17 17-18 18-19 19-20 20-21 21-6

9 Stalk 
a a

3 25 0 0 2 0 1 0 0 0 2 - 0 2 8 0
LIGHTS
OFF

3 25 0 0 1 3 2 - 1 1 0 0 1 2 3 0

3 5 0 0 0 3 0 0 1 - 0 0 0 0 0 0

1 5 0 0 0 1 0 0 0 0 1 3 - 0 0 0

Key: -  denotes the s ta r t  o f egg-laying



Appendix 10 : Egg distribution per flowerstalk



4 1 0 .

Appendix 11 : Spatial pattern of oviposition with respect to patches - single females (after 3 hrs).

Female
1 (per. fs.) 2

Patch density 
(per. fs.) 4 (per. fs.) 8 (per. fs.)

Total per 
female Pupal wt (mg) Age (days)

39 0 (0) 0 (0) 3 (.75) 9 (1.125) 12 121.8 438 0 (0) 0 (0) 6 (1.5) 3 (.37) 9 156.1 635 9 (9) 8 (4) 9 (2.25) 9 (1.125) 35 146.6 633 2 (2) 2 (1) 1 (.25) 8 (1) 13 103.4 4
30 0 (0) 1 (-5) 3 (.75) 10 (1.25) 14 91.0 531 0 (0) 1 (.5) 3 (.75) 11 (1.37) 15 145.1 229 0 (0) 4 (2) 0 (0) 8 (.72) 12 116.6 3
18 0 (0) 0 (0) 1 (.25) 1 (.125) 2 95.9 7
17 0 (0) 3 (1.5) 0 (0) 3 (.375) 6 140.3 34 1 (1) 3 (1.5) 0 (0) 11 (1.37) 15 9

Total per 12 22 26 73 x = 13.3 + 2.75 x = 124.09 + 8.00 4.9 + 0.67
patch
Mean eggs 1.2 2.2 2.6 7.3
per patch
S.E. 0.89 0.79 0.93 1.14
Mean eggs 1.2 1.1 0.65 0.91
per stalk
S.E. 0.89 0.35 0.198 0.13

Appendix 12 : Spatial pattern of oviposition with respect to patches - pooled for 3 females (after 3 hrs.).

Replicate 1 X
per 9

2
Patch 

x 4 X 8 X Total
X

Pupal wts (mg) 
Age (days)

1 24 8 13 4.33 29 9.67 32 10.67 98 133.6, 128.7, 145.6
(per stalk) (2.17) (2.42) (1.33) 33 5, 4, 4
2 6 2 13 4.33 41 13.67 22 7.33 82 101.7, 124.0, 112.8
(per stalk) (2.17) (3.42) (.92) 27 6, 4, 3
3 5 1.67 3 1 5 1.67 15 5 28 138.6, 121.8, 118.5
(per stalk) (.5) (.42) (.62) 9 3, 5, 2
4 8 2.67 5 1.67 2 0.67 8 2.66 23 103.4, 156.1, 126.5
(per stalk) (.83) (.17) (.33) 7 5, 4, 4
5 16 5.33 6 2 25 8.33 23 7.67 70 146.6, 91.0, 145.1 ■
(per stalk) (1) (2.1) (.96) 23 4, 8, 6

Total per patch 59 19.67 40 13.33 102 34 Too 33 20 +"4.96 x . = 126.27 + 4.82 wt —
Mean eggs per patch 11.8 3.93 8 2.67 20.4 6.3 20.0 6.7 x = 4.47 + 0.46
S.E. 3.61 1.2 2.1 0.7 7.4 2.5 4.19 1.3
Mean eggs per stalk 11.8 4.0 5.1 2.5
S.E. 3.61 1.15 1.15 0.49



Appendix 13a : Temporal and sp a tia l (with respect to  patch density ) pattern o f o v ip o sitio n  -  s in g le  fem ales.

Hour 1 2 3

Female Patch 1 2 4 8 Total 1 2 4 8 Total 1 2 4 8 Total

39 0 0 2 2 4 0 0 1 3 4 0 0 0 4 4
38 0 0 2 0 2 0 0 2 1 3 0 0 2 2 4
35 1 2 5 5 13 6 1 2 3 12 2 5 2 1 10
33 1 1 0 4 6 0 0 0 2 2 1 1 1 2 5
30 0 0 0 0 0 0 1 0 5 6 0 0 3 5 8
31 0 0 1 1 2 0 1 2 8 11 ' 0 0 0 2 2
29 0 4 0 2 6 0 0 0 1 1 0 0 0 5 5
18 0 0 0 1 1 0 0 1 0 1 0 0 0 0 0
17 0 1 0 1 2 0 2 0 2 4 0 0 0 0 0
4 1 2 0 3 6 0 0 0 1 1 0 1 0 7 8

Mean 0.3 1.0 1.0 1.9 4.2 0.6 0.5 0.8 2.6 4.5 0.3 0.7 0.8 2.8 4.6
S.E. 0.15 0.42 0.52 0.53 1.20 0.6 0.2 0.29 0.75 1.27 0.21 0.49 0.36 0.74 1.07

Appendix 13b : Temporal and spatial (with respect to patch density) pattern of oviposition - pooled for 3 females.

Hour 1 2 3

Replicate Patch 1 2 4 8 Total 1 2 4 8 Total 1 2 4 8 Total

1 12 9 20 19 60 6 4 6 6 22 6 0 3 7 16
2 1 5 13 4 23 3 5 16 8 32 2 3 12 10 27
3 1 2 2 5 10 2 0 2 5 9 2 1 1 5 9
4 3 2 0 4 9 2 2 1 0 5 3 1 1 4 9
5 8 5 14 12 39 4 1 7 2 14 4 0 4 9 17

Mean per 
patch per 
hr.

5.0 4.6 9.8 8.8 28.2 3.4 2.4 6.4 4.2 16.4 3.4 1.0 4.2 7.0 15.6

S.E. 2.17 1.29 3.8 2.96 9.63 0.75 0.93 2.66 1.43 4.82 0.75 0.55 2.03 1.14 3.31



Appendix 14a : Effect of patch density and female density on mean eggs laid per patch per female (after three hours). 
Treatment means.

Patch density

Female density 1 2 4 8 Overall 9  
mean per patch

1 1.2 + .9 2.2 + .0 2.6 + .9 7.3 + 1.1 3.325 + 0.59
3 3.93 + 1.2 2.67 + 0.7 6.8 + 2.5 6.7 + 1.3 5.00 + 0.83

Overall patch mean 2.111 + 0.77 2.35 + 0.56 4.00 + 1.11 7.09 + 0.87

Ratio of eggs: stalks 2.111 1.175 1.0 0.88

F - values frcm 2-way ANOVA with proportional sub-classes 

Female density F^ ^  = 3.72, NS 

Patch density F3 52 = 7.76, p < .005 

Interaction F^ 52 = 1.61, NS

Appendix 14b : Effect of patch density and female density on mean eggs laid per patch per female.

First Hour

Patch density

Female density 1 2 4 8

1 0.3 + .15 1.0 + .42 1 + .52 1.9 + .53

3 1.66 + .72 1.53 + .43 3.26 + 1.27 2.93 + 0.98

Overall patch mean 0.75 + 0.3 1.18 + .31 1.75 + .59 2.24 + 0.48

Ratio of eggs: stalks 0.75 0.59 0.44 0.28

Hour (cumulative)

Patch density

Female density 1 2 4 8

1 0.9 + .69 1.1 + .69 1.8 + .76 4.5 + .85

3 2.8 + .96 2.33 + .67 5.41 + 1.93 4.34 + 1.14

Overall patch mean 1.53 + .59 1.51 + ..52 3.00 + .90 4.45 + .66

Ratio of eggs: stalks 1.53 0.75 0.75 0.56

412.
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Appendix 15 : Effect of patch density and fanale density on mean eggs laid 
per flowerstalk per female (after 3 hours). Treatment means.

Patch density

Fanale 1 2 4 8

1 1.2 + .89 1.1 + .39 .65 + .23 .883 + .14

3 3.93 + 1.2 1.33 + .35 1.71 + .62 .83 + .17

F - values from 2-way ANOVA with proportional subclasses 

Female density F^ ^  = 5.07, p < .05 

Patch density F^ ^  = 1*86, NS 

Interaction F- = 2.10, NS
•J  f

Appendix 16 : Effect of patch density and female density on the proportion 
of total egg load allocated to each patch.

Hour Patch
density

Proportion of eggs

One 9 ■a 0o3 + s

Pooled t Prob 
S.E.

(n = 42 eggs) (n = 141 eggs)

One 1 0.071 0.177 .05 2.078 .05
2 0.238 0.163 .07 1.03 NS
4 0.238 0.109 .08 1.41 NS
8 0.452 0.312 .09 1.62 NS

(n = 78) (n = 223)

Two 1 0.115 0.188 .04 1.64 NS
2 0.192 0.157 .05 0.689 NS
4 0.115 0.363 .05 5.12 .01
8 0.58 0.29 .06 4.56 .01

(n = 133) (n = 301)

Three 1 0.09 0.197 .034 3.16 .01
2 0.165 0.133 .038 0.85 NS
4 0.195 0.34 .04 3.30 .01
8 0.549 0.33 .05 4.30 .01
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Appendix 17 : The effect of patch density and fenale density on the pro
portion of eggs allocated to each patch. Treatment means. 
(Arc-sine transformed)

Female 1

Plant density 

2 4 8

1 6.9 18.9 23.1 49.7

3 26.94 21.7 31.54 37.02

- values from 2-way ANOVA with proportional sub-classes on Arc-sine
transformed data 

Female density ^  = 1*75, NS 

Plant density F^ ^  = 17.30, p < .005 

Interactions F = 3.73, p < .05

Appendix 18 : Spatial pattern of eggs (with respect to individual 
flowerstalks) after 3 hrs.

Fanale Variance Mean V/M -I2 Prob

39 1.03 0.8 1.28 17.99 NS
38 1.11 0.6 1.86 25.99 NS
35 7.81 2.33 3.35 46.85 .01
33 0.55 0.87 0.64 8.92 NS
30 1.35 0.93 1.45 20.28 NS
31 0.57 1.0 0.57 7.99 NS
29 2.46 0.8 3.07 42.99 .01
18 0.124 0.13 0.93 12.99 NS
17 0.68 0.4 1.714 23.99 NS
4

High density 
replicate

1.86 1.0 1.86 
x = 1.67

25.99 NS

1 38.27 6.53 5.86 82.00 .01
2 21.41 5.47 3.92 54.83 .01
3 1.98 1.87 1.06 14.86 NS
4 5.12 1.47 3.49 48.91 .01
5 31.09 4.66 6.66 

x = 4.2
93.28 .01
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Appendix 19 : Activity time spent at different activities in different
patches expressed as a percentage of total observation time - 
sumnary.

Female
density Activity

i

Patch density 

2 4 8
Non
patch Total

1 Rest time (secs) 216 3047 6031 15938 5714 30946
Q .
*o .39 4.07 8.05 21.3 7.6 41.3

Feed 1279 4851 4586 9306 20022
% 1.71 6.48 6.12 12.4 26.7

Inspect 436 1305 757 4361 6859g.
'o .58 1.74 1.01 5.82 9.1

Flight 17057
Q.*6 22.8

1931 9203 11374 29605 74884

3 Rest 1644 7050 5824 4887 40172 59577
o ,'0 1.29 5.52 4.56 3.83 31.45 46.6

Feed 7430 7669 10013 11964 37076Q. 5.82 6.0 7.84 9.37 29.03

Inspect 1992 404 1097 1075 4568
o .
*o 1.56 .32 .86 .84 3.58

Flight 23132
a“O 18.11

Interfere 3372
a"O 2.64

11066 15123 16934 17926 127725
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Appendix 20 : Activity time spent at different activities in different patches - individual data for single females.

FEMALE PATCH
A

REST FEED INSPECTION
FLIGHT

1 2 4 8 Net Total 1 2 4 8 Total 1 2 4 8 Total

18 Tot Time 0 0 2242 541 1850 4633 0 5 370 303 678 0 0 0 180 180 210
(secs)

% 81.27 11.89 3.16 3.68
X 0 0 560 108 1850 463 0 5 74 43 52 0 0 0 26 26 13

s.s. 475 53 244 28 25 17 11.5 11.5 5.3
(n) (4) (5) (1) (10) (1) (5) (7) (13) (7) (7) (16)

31 Tot Time 0 83 2052 2043 833 5011 4 364 1543 671 2582 0 30 40 123 193 814
’ " % 58.27 30.0 2.24 9.46

X 0 41 293 681 208 313 28 27 19 24 0 15 8 11 11 8
S.E. 23.47 116.4 633 147 126.5 7.46 7.46 4.75 10.4 11.03 3.08 4.6 3.06 1.0

;  ^  ,-i
(n) (2) (7) . (2) (4) (16) (13) (57) (36) (109) (2) (5) (11) (18) (106)

4 Tot Time 0 132 200 160 0 492 173 157 484 2863 3677 26 312 0 946 1284 1182
% 7.41 55.42 19.35 17.81
X 0 44 100 18 0 35 16 31 40 29 29 5 39 0 50 40 8

S.E. 7.56 26.02 5.47 9.14 4.22 15.15 13.5 3.6 3.14 1.89 11.67 12.7 8.5 .51
(n) 0 (3) (2) (9) 0 (14) (11) (5) (12) (100) (128) (5) (8) 0 (19) (32) (148)

17 Tot Time 0 608 494 2862 0 3964 0 614 17 384 1015 3 531 479 235 1248 775
% 56.61 14.49 17.82 11.07

X 0 37 32 106 0 99.1 0 51 6 27 35 3 38 60 12 30 9
S.E. 75.6 46.9 45.4 33.5 39 1.85 18.6 18.3 19.5 51.3 4.1 11.6 .65
( n ) (7) (6) (27) (40) (12) (3) (14) (29) (1) (14) (8) (19) (43) (90)

;-'y 30 Tot Time 0 0 0 2446 827 3273 0 95 41 1234 1370 0 8 78 so 136 1609
% SI.24 21.45 2.13 25
X 827 164 95 46 3 10 41

S.E. 42.3 10.9 3.3 31.4
( n ) (1) (20) (1) (30) (1) (13) (39)

39 Tot Time 0 0 19 370 1066 1455 3 61 274 380 718 0 0 38 289 327 634
% 46.4 22.9 10.4 20.2

X 0 0 19 185 53.3 3 20 46 29 0 0 19.0 96 14.7
S.E. 0 184 17.6 0 12.2 27.6 11.3 13.8 74 3.1
(n) 0 0 (1) (2) (20) (1) (3) (6) (13) 0 0 (2) (3) (43)

35 Tot Time 0 432 0 0 63 495 95 2643 143 418 3299 45 46 25 19 135 5536
% 5.23 34.3 1.43 58.5
X 86.4 63 10.6 21.1 8.94 7.6 3.5 3.29 3.6 2.1 22.9

S.E. 66.6 0 4.49 5.47 2.74 1.49 1.4 0.5 1.53 .8 2.2
(n) (5) (1) (9) (125) (16) (55) (13) (14) (7) (9) (242)

TOTAL

5701

8600

6635

7002

6388

3134

9465



Appendix 20 : Continued

FEMALE PATCH
REST FEED INSPECTION

FLIGHT TOTAL
1 2 4 8 Net Total 1 2 4 8 Total 1 2 4 8 Total

33 Tot Time 73 0 0 5813 0 5886 578 164 51 1960 2753 32 8 5 78 123 1012 9774
% 60.2 28.2 1 1.3 10.35

X 73 0 0 363 0 34 10.2 6.4 30.6 6.4 2.7 2.5 11.1 9.2

S.E.
(n)

0
(1) (0)

123
(16)

21.6
(17)

3.5
(16)

3.3
(0)

6.3
(64)

4
(5)

1.6
(3)

2.3
(2)

6.6
(7)

1.1
(110)

38 Tot Time 0 0 1017 430 953 2400 351 161 1511 717 2740 0 0 29 15 44 3344 8528

% 28.1 32.1 .51 39.21

X 0 0 127.1 430 136.1 50.1 16.1 12.3 13.0 0 0 5.8 5 16.39

S.E.
(n)

72.2
(8)

0
(1)

59.6
(7)

32.6
(7)

8.5
(10)

1.9
(123)

3.2
(55)

4.1
(5)

3.3
(3)

1.9
(204)

29 Tot Time 143 1792 7 1273 122 3337 75 587 152 376 1190 330 370 63 2426 3189 1941 9657

% 34.5 12.3 33.0 20.1

X 71.5 179.2 3.5 53.0 40.7 9.4 8.4 19.0 13.9 66 9.7 10.5 41.8 9.9

S.E.
(n)

58.53
(2)

86.1
(10)

2.89
(2)

24.72
(24)

39.63
(3)

6.72
(0)

2.32
(70)

11.15
(8)

3.99
(27)

42.31
(5)

2.3
(38)

5.13
(6)

9.22
(58)

.86
(196)

TOTAL TIME 216 3047 6031 15938 5714 30946 1279 4851 4586 9306 20022 436 1305 757 4361 6859 17057 74884

% .29 4.07 0.05 21.3 7.6 41.3 1.71 6.48 6.12 12.4 26.7 .58 1.74 1.01 5.82 9.1 22.8
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Appendices 21a-a : Activity time spent at different activities in different patches - individual data for groups of three 
females.

a.")

b)
31 Tot Time 0 600 132 1446 1832 4010 313 460 1252 677 2702 427 2 406 42 877 1652 208 9449

% 42.4 28.6 9.3 17.48 2.2
X 0 150 66 723 68 12.5 27.1 22.4 26 107 2 58 6 12.2 9.04

S.E. 93.7 72 597 25 3.1 11.8 5.9 10.5 80 0 57 3.2 2.6 2.8
(n) 0 4 2 2 27 25 17 56 26 4 1 7 7 135 23

35 Tot Time 2 0 0 201 2786 2989 674 105 1646 1796 4221 63 9 49 64 185 1755 292 9442

% 31.6 44.7 2.0 18.6 3.1
X 2 0 0 100.5 199 13.5 13.1 18.7 23.5 6.3 9 4.1 6.4 8.32 10.8

S.E. 0 101.5 31 3.0 6.7 2.9 4.4 3.14 0 1.5 3.2 0.8 4.4
(n) 1 0 0 2 14 50 8 96 70 10 1 12 10 211 27

30 Tot Time 0 0 0 0 9442 9442 0 0 0 0 0 0 0 0 0 0 0 0 9442

% 100

Mean % 
for trial

53 24.4 3.8 12.0 1.8
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Appendices 21a-o : Continued

d)

42 IPt Time 0 0 0 1521 2239 3760 841 295 225 1074 2435 611 24 26 138 799 660 33 7687

% 48.9 31.7 10.4 8.6 .43

X 0 0 0 760 320 60.1 26.8 15.0 31.6 204 24 8.7 34.5 3.6 8.25

S.E. 924 173 26.4 9.9 5.5 9.7 205 0 5.1 26 2.8 5.3
(n) • 0 0 0 2 7 14 11 15 34 3 1 3 4.0 77 4.00

44 Ttit Time 115 866 882 0 811 2674 959 258 2939 152 4308 16 28 27 62 133 1340 49 8504

% 31.4 50.6 1.6 15.7 0.6

X 57.5 866 441 0 311 24.6 18.4 101 7.6 16 9.33 5.4 12.4 12.76 5.44

S.E. 66.4 0 412 0 5.7 7.9 80.7 2.1 0 7.0 3.1 6.1 1.63 1.9
(n) 2 1 2 0 1 39 14 29 20 1 3 5 5 105 9.0

43 Tot Time 0 259 2819 O' 676 3754 166 1695 719 18 2598 69 19 215 91 394 629 21 7396

% 50.7 35.1 5.3 8.5 0.3

X 0 259 940 0 676 23.7 99.7 71.9 6 23 9.5 24 9.1 12.6 7

S.E. 0 980 0 14.2 50.6 45.5 3.9 14.4 10.8 17.8 3.3 3.7 4.8
(n) 0 1 3 0 1 7 17 10 3 3.0 2.0 9 10 50 3

Mean % 
for trial

43.7 39.1 5.8 10.9 .44
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Appendices 21a-g : Continued

o
REST FEED INSPECTION

FEMALE PATCH FLIGHT INTERFERE
DENSITY

1 2 4 8 Net Total 1 2 ' 4 8 Total . 1 2 4 3 Total

46 Tot Time 208 0 923 10 134 1275 767 335 954 223 2279 406 109 124 167 806 2474 9
% 18.6 33.3 11.8 36.1 0.1
X 52 0 132 10 67 38.3 37.2 34.1 24.8 101.5 27.2 12.4 16.7 25.8 9

S.E. 42.2 72.5 0 62 16.1 17.3 12.6 36 106.1 19.6 7.5 6.8 4.12 0
(n) 4 0 7 1 2 20 9 28 9 4 4 10 10 96 1

50 Tot Time 0 0 49 0 95 144 661 339 1120 1520 3640 114 188 10 11 323 2686 48
% 2.1 53.2 4.7 39.3 0.7
X 0 0 49 0 23.7 25.4 24.2 32.0 58.5 19 47 3.3 5.5 24.6 9.6

S.E. 0 6.03 12.8 11.1 10.9 22.9 10.9 31.6 2.2 4.6 3.97 5.1
(n) 1 4 26 14 35 26 6 ' 4 3 2 109 5

48 Tot Time 72 0 726 238 83 1119 586 224 403 1280 2493 44 9 238 200 491. 2468 127

% 16.7 37.2 7.3 36.8 1.9
X 36 0 181.5 79.3 83 45.1 18.7 22.4 34.6 7.3 4.5 39.7 16.7 26.0 18.14

S.E. 26.1 132.8 70.0 0 26.6 9.8 11.1 10.8 3.9 3.2 24.3 6.2 4.3 8.6
( n ) 2 0 4 3 1 13 12 18 37 6 2 6 12 95 7

Mean % 
for trial

Appendix 22 : Ccmparision of pooled time allocated to patch densities (by 
single females) with allocation predicted from an ideal free 
distribution.

Time (Seconds)
Patch density ‘ Observed P

n = 10
Expected P binomial t test

1 1931 .037 3474.2 .067 .03 = 
.099

.3

2 9203 .176 6948.4 .133 .043 = 
.161

.27

4 11374 .218 13896.8 .267 .049 = 
.191

.26

8 29605 .568 - 27793.6 .53

TOTAL

6843

6841

6698
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Appendix 23a : Breakdown of patch time allocation for single females.

Female
Patch Totals

Total
time1

Time
(Secs)

% t
l

% t % t %

Ne

t
3t

%

1 0 0. 5 0.09 2612 47.57 1024 18.65 1850 33.69 5491
2 4 .05 477 6.13 3635 46.69 2837 36.44 833 10.70 7786
3 199 3.63 601 10.97 634 12.48 3969 72.44 0 0 5453
4 3 .05 1753 28.15 990 15.90 3481 55.90 0 0 6227
5 0 0 1.03 2.15 119 2.49 3730 78.04 827 17.30 4779
6 3 .12 61 2.44 331 13.24 1039 41.6 1066 42.64 2500
7 140 3.6 3121 79.4 168 4.3 437 11.12 63 1.60 3929
8 683 7.79 172 1.96 56 0.6 7851 89.6 0 0 8762
9 351 6.77 161 3.1 2557 49.3 1162 22.41 953 18.4 5184
10 548 7.1 2749 35.6 222 2.88 4075 52.8 122 1.53 7716

Total time 1931 9203 11374 29605 5714 57827

% Excl. net 3.7 6.0 17.66 12. 21.82 10.6 56.81 15.7 52113

Incl. net 3.34 15.91 19.7 51.2 9.88

Appendix 23b : Breakdown of patch time allocation for individuals at female density three.

Patch Totals
Female Toteil

1 2 4 3 Net time

Time 
(Secs) •

% t % t % t % t %

1 148 18.1 408 6.4 277 4.4 2712 42.8 1789 28.2 6334
2 649 8.9 397 12.3 510 7.02 361 11.86 4345 59.83 7262
3 0 0 0 0 0 0 0 0 9683 100 9683
4 0 0 0 0 0 0 0 0 9442 100 9442
5 740 9.75 1062 13.9 1790 23.6 2165 28.5 1832 24.1 7589
6 739 9.9 114 1.54 1695 22.9 2061 27.9 2786 37.7 7395
7 1426 19.6 3097 42.6 192 2.64 2348 32.3 205 2.8 7268
8 50 0.7 742 10.3 0 0 497 6.9 5905 82.1 7194
9 679 12.1 4155 73.8 71 1.26 577 10.2 147 2.6 5629
10 1452 20.8 319 4.6 251 3.6 2733 39.1 2239 32.0 6994
11 1090 15.3 1152 16.19 3848 54.1 214 3.1 311 11.4 7115
12 235 3.5 1973 29.2 3753 55.6 109 1.6 676 10.02 6746
13 1381 31.7 444 10.18 2001 45.9 400 9.17 134 3.1 4360
14 775 18.9 527 12.8 1179 28.7 1531 37.3 95 2.3 4107
15 702 17.1 233 5.7 1367 33.3 1718 41.9 83 2.0 4103

Total time 11066 15123 16934 17926 40172 101221

% Excl. net 18.1 10.7 24.77 11.97 27.7 12.4 29.36 12.6 61049

Incl. net 10.9 14.9 16.73 17.71 39.7
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Appendix 24 : Effect of patch density and female density on proportion of 
feeding time allocated to each location. Treatment means 
(untransformed).

Female
density

1

3

1 2

4.8 ±  2 23.6

19.7 + 3 24.9

Patch density

4

+ 9 24.4

+ 6 23.7

8
+ 8 47.1 + 8

+ 6 31.4 + 5

Using 2-way ANOVA with proportional sub-classes on Arc-sine transformed 
data

Female density F. 0/1 = .29, NS 
1 , o4

Plant density F^ g^ = 6.14, p < .005 

Interactions F, oA = 3.1, p < .05

Appendix 25 : Effect of patch density and female density on proportion of 
resting time allocated to each location. Treatment means 
(untransformed).

Patch density
density 1 2 4 8

1 .56 + .4 18.4 + 9 18.6 + 7 41.2 + 10

3 4 +2.3 12.97 + 7 19.6 + 7 9.9 + 4

Net

21.1 + 8

53.4 + 10

□sing 2-way ANOVA with proportional sub-classes on Arc-sine transformed 
data

-3Female density F^ = 6.0 x 10 , NS

Plant density F^ = 9.01, p < .005

F4,115 = 5*17' P < *005Interaction
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Appendix 26 : Sites visited during 1982 survey of egg 
densities and distributions.

and flowerstalk

Date Visited Site Name OS Grid Reference

14.5.82 Holyport Verge 
Holyport Field

SU 889776

15.5.82 Broad Oak Common, Hampshire SU 754518

16.5.82 Broad Oak Field, Hampshire 
Odiham Orchard, Hampshire

SU 756518 
SU 748516

17.5.82 Silwood Farm SU 941693

18.5.82 Pond Field, Silwood SU 948688

19.5.82 Bemwood, Oxfordshire 
Bernwood Field, Oxfordshire 
Otmoor, Oxfordshire 
Magdalen Meadows, Oxfordshire

SP 607113 
SP 608109 
SP 574128

20.5.82 Honeys SU 826732

21.5.82 Binfield SU 955714

24.5.82 Warfield SU 885717

25.5.82 Pyrford, Surrey TQ 039588

28.5.82 Maidens Green SU 908733

31.5.82 Kissing Gate, Silwood 
Rush Meadow, Silwood

SU 942692 
SU 939692

26.5.83 Ribblesdale Park SU 946695

1.6.83 Chobham, Surrey SU 969634

1.6.83 Knaphill, Surrey SU 965594

13.5.83 Clark's Green, Sussex TQ 173395

6.6.83 Tetworth Hall SU 934687

NB County of Berkshire unless otherwise stated.
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Appendix 27 : Site description and sunmary of site data.

Site No. Habitat type Vegetation type Tree shaded Herb overtopped Alternative hosts present

Binfield (82) Wet meadow Grass/Juncus No No Ap
Broadoak Co. Roadside Grass/Juncus No Equal Ap, Cp
Broadoak Field Wet meadow Grass/Juncus No No None
Honeys Wet meadow Grass No Yes None
Maidens Green W3t paddock Grass No Yes Ap
Odiham Damp orchard Grass No No Ad
Pyrford Wet meadow Juncus/Grass No No Bv
Warfield Wet meadow Grass No No None
Otmoor Wet meadow Grass No Yes None
Pyrford Wet meadow Grass No No Cf
Kissing Gate Wat meadow Juncus No Yes Cf
Berrrwood Field Wet meadow Grass NO No None
Binfield (83) Wet meadow Grass/Juncus NO No Ap
Ribblesdale Wet meadow Juncus/Grass NO No Ap
Chobham Roadside Juncus/Grass No No None
Knaphill Roadside Grass No No None
Clarks Green Roadside Juncus/Grass No No Ap
Tetworth Wet meadow Juncus No Yes None
Holyport (83) Roadside Grass Partly Equal Ap, Bv

Key to host species
Ap = Alliaria petiolata 
C£ = Cardamine flexuosa 
Bv = Barbarea vulgaris 
Cp = Capsella bursa pastoris

Site No. 2Area of site (m ) 2Plant occupied area (m ) 2Mean fs/m Mean eggs/m^ Patchiness index

Binfield (82) 10224 10224 7.49 0.56 -0.81
Broadoak Co. 18897 11779 15.05 1.84 0.107
Broadoak Field 7800 7800 6.68 0.75 - .67
Broadoak Field 10200 10200 3.82 0.928
Honeys 19960 17349 6.06 0.92 0.285
Maidens Green 3855 3855 21.39 0.857 0.107
Odiham 553 553 1.071 0.228 1.0
Pyrford 2419 2233 9.76 0.52 - .071
Warfield 13750 13750 5.63 0.168 - .071
Otmooc 130000 130000 0.25 0.1
Pyrford 10000 6350 3.15 0.015 0.66
Kissing Gate 400 400 7.00 1.635
Bemwood Field 40000 10000 2.20 0.283
Binfield (83) 10224 10224 5.84 0.364
Ribblesdale 3300 3300 9.89 1.14 .34
Chobham 96 75 7.28 0.86 - .67
Knaphill 383 383 21.28 1.04 - .60
Clarks Green 637 527 7.84 1.58 - .12
Tetworth 5532 5532 1.36 0.42 .64
Holyport (83) 7308 7808 14.92 1.47 - .78
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Appendix 27 : Continued

Site No. % fs infested V/H fs/quadrat V/M eggs/fs V/M eggs/fs Q. Mean eggs per of fs

Binfield (82) 6.73 4.22 1.16 1.48 1.088
Broadoak Co. 12.20 6.5 0.97 1.35 3.048
Broadoak Field 10.04 0.75 1.168 1.998 0.75
Broadoak Field 24.3 2.97 0.76 1.178 2.48
Honeys 14.00 6.024 1.019 2.603 2.64
Maidens Green 3.90 6.42 0.96 2.913 1.163
Odiham 17.10 8.03 1.58 2.711 4.48
Pyrford 5.01 4.93 1.047 1.604 1.04
Warfield 2.9 6.80 1.174 1.306 0.428
Otmoor 37.5 1.84 0.74 0.612 2.13
Pyrford 0.46 4.94 1.0 1.0 0.064
Kissing Gate 14.46 3.26 1.19 2.239 2.68
Bemwcod Field 12.80 3.96 0.884 1.13 1.44
Binfield (83) 5.00 6.09 1.32 1.91 0.985
Ribblesdale 11.52 2.90 0.89 1.89 1.58
Chobham 11.76 5.74 0.90 1.67 1.85
Knaphill 4.9 4.19 0.95 1.46 1.37
Clarks Green 15.5 2.52 2.04 5.49 2.26
Tetworth 20.96 2.58 0.93 1.02 1.75
Holyport (83) 9.9 . 5.98 0.90 1.43 2.11

Site No. Mean fs per of fs Median egg age
Age distribution of fs (%)

No. hedges

n 1 2 3 4 5

Binfield (82) 14.66 3.00 100 0 12 28 27 33 4
Broadoak Co. 24.90 3.00 108 0 9.26 41.67 45.37 3.70 1
Broadoak Field 6.68 3.00 100 4 24 26 43 3 3
Broadoak Field 10.19 3.00 2
Honeys 17.39 3.00 127 1.57 33.07 24.41 29.92 11.02 3
Maidens Green 29.73 3.00 227 0 7.05 17.18 27.31 48.46 3
Odiham 20.5 3.00 48 0 0 14.58 29.17 56.25 1
Pyrford 19.67 3.00 115 1.74 9.56 20.87 38.26 29.56 1
Warfield 14.41 2.00 144 1.39 11.11 14.58 41.67 31.25 2
Otmoor 5.33 3.00 50 0 12.0 32.0 50.0 6.0 4
Pyrford 13.65 2.00 176 9.09 39.20 43.75 5.68 2.27 0
Kissing Gate 12.68 4.00 106 0.00 8.49 15.09 24.53 51.39 2
Bearwood Field 11.2 3.00 118 5.93 29.66 18.64 39.83 5.93 4
Binfield (83) 15.81 1.00 108 2.78 12.04 14.81 32.41 37.96 4
Ribblesdale 13.69 229 8.73 46.29 21.83 15.28 7.86 4
Chobham 15.69 40 0 15 10 60 15 1
Knaphill 28.00 100 7 39 17 35 2 2
Clarks Green 11.25 99 12.12 67.7 20.2 0 0 3
Tetworth 7.76 86 1.16 33.72 33.72 26.74 4.65 2
Holyport (83) 21.33 402 5.47 51.99 22.88 17.16 2.49 2
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Appendix 28 : Correlations between estimates of flowerstalk and egg densities and distributions.

Site size (m2) 2Flowerstalks per m Variance/mean ratio of stalks

Flowerstalks per m2 -0.327

Eggs per m2 -0.321 0.566* 0.07
2Eggs per m of flowerstalk 0.054 -0.121 0.218

% of flowerstalks infested 0.682* -0.488* -0.447*
v/M ratio of flowerstalks per quadrat -0.294 0.241
v/M ratio of eggs/flowerstalk -0.009 -0.132 0.302
V/M ratio of eggs per quadrat -0.330 0.174 0.025

N = 20 r = .444 at a = .05 
r = .561 a = .005

Appendix 29 : Chi-squared analysis of variance to mean ratio for eggs per 
flowerstalk (all flowerstalks).

Site % N X2 Prob z

8infield (82) 1.16 579 670 .0048 2.59
Broadoak Co. 0.97 523 491 .161, NS - .989
Broadoak Field 1.17 259 302 .033 1.84
Broadoak Field 0.76 107 81 .0307 -1.87
Honeys 1.02 700 713 .359, NS .359
Maidens Green 0.96 1014 972 .176, NS - .93
Cdiham 1.58 32 128 .01 3.23
Pyrford 1.05 359 376 .258, NS .646
Warfield 1.17 335 391 .018 2.099
Otmcor 0.74 40 29 NS -

Pyrford 1.0 215 214 NS - .024
Kissing Gate 1.19 241 287 .02 2.03
Bern wood Field 0.88 70 61 NS -

Binfield (83) 1.32 257 338 .004 3.35
Ribblesdale 0.89 356 316 .06, NS -1.52
Chobtem 0.90 51 45 NS
Knaphill 0.95 266 252 .28, NS - .59
Clarks Green 2.04 194 293 0 4.53
ibtworth 0.93 62 57 NS
Holyport (83) 0.90 496 445 .049 -1.65
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Appendix 30 : Table of observed egg distributions per flowerstalk and expected frequencies from the Poisson distribution.

Site: 1 2

X = .074 x = .122
Eggs per flcwecstalk Observed Expected 0 E

0 540 537.54 462 462.9
1 36 39.92 58 56.47
2 2 1.48 3 3.44
3 1 0.037 0 .185
3 + 0 0.02

Site: 7 8
X = .22 x = .053

Eggs per flowerstalk Observed Expected 0 E
0 68 65.87 341 340.5
1 12 14.42 17 18.01
2 1 1.58 1 0.476
3 0 0.115 0 0.014
3 + 1 6.316 x 10

Site: 14 15

X * .062 x = .115

Eggs per flowerstalk Observed Expected 0 E
0 244 241.49 315 317.33
1 10 14.97 41 36.49
2 3 0.46 0 2.18
3 0 0.076
3 +
4
5

Site: 20

X = .099
Eggs per flowerstalk Observed Expected

0 447 449.2
1 49 44.47
2 0 2.32

3 4 5 6
x =■ .112 x = .243 x = .151 x = .040

0 E 0 E O E 0 E
233 231.56 81 83.9 604 601.89 1006 1006.8
24 25.93 26 20.39 87 90.88 42 40.37
1 1.45 
1 0.054 
0 0

0 2.712 8 6.86 
1 0.345 
0 0.025

0 0.826

9 10 12 13
x = .029 x =» 0.40 x = .232 x = .128

O E 0 E O E 0 E
326 325.42 25 26.81 195 191.1 61 61.59

8 9.43 14 10.72 38 44.33 9 7.88
1 0.136 1 2.14 

0.32
6 5.14 
2 .398 
0 .032

0 0.53

16 17 18 19

X = .118 X = .049 X = .201 X = .226

0 E 0 E 0 E 0 E

45 45.32 253 253.31 164 153.67 49 49.46
6 5.35 13 12.41 20 31.89 12 11.18
0 0.33 0 .28 2 3.20 1 1.26

2 .215 0 0.097

1 .011
1 .014

Appendix 31 : Chi-squared analysis of variance to mean ratios for eggs per 
flower bearing quadrat.

Site V/M
FS/Q

N X 2 Prob. V/M
EGG/Q

N X 2 Prob

Binfield (82) 4.22 309 1300 .0002 1.48 158 232 0
Broadoak Co. 6.5 139 897 .0002 1.35 84 112 .05
Broadoak Field 0.75 155 115 .0068 1.99 155 306 0
Broadoak Field 2.97 112 330 0 1.18 42 48 NS
Honeys 6.02 462 2775 0 2.60 161 416 0
Maidens Green 6.42 141 899 , 0 2.91 86 247 .01
Cdiham 3.03 306 2449 0 2.71 16 41 .01
Pyrford 4.93 147 720 0 1.60 73 115 .01
Warfield 6.8 238 1612 0 1.31 93 120 .05
Otrooor 1.84 640 1176 0 0.61 30 18 NS
Fyrford 4.94 273 1344 0 1.0 63 62 NS
Kissing Gate 3.26 137 443 0 2.24 76 168 .01
Bemv-ccd Field 3.96 127 499 0 1.13 25 27 NS
Binfield (83) 6.09 176 1066 0 1.91 65 122 .01
Ribblesdale 2.90 144 415 0 1.89 104 195 0
Chobham 5.74 28 155 .01 1.67 13 20 NS
Knaphill 4.19 50 205 .01 1.46 38 54 NS
Clarks Green 2.52 99 247 .01 5.49 69 373 .01
let worth 2.58 133 343 0 1.02 32 32 NS
Holyport (83) 5.98 133 789 0 1.43 93 132 .01
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Appendix 32 : Table of observed egg distributions per quadrat and expected frequencies frcm the Poisson distribution.

Site: 1 2 3 4 5
x = 0.272 x = .762 X = .187 X = .619 x = .658

Eggs per quadrat Observed Expected O E 0 E 0 E 0 E
0 128 120.37 44 39.21 233 231.56 24 22.62 106 83.38
1 20 32.74 25 29.88 24 25.93 12 13.99 34 54.86
2 7 4.45 8 11.38 1 1.45 4 4.33 9 18.05
3 3 0.40 5 2.89 1 0.054 2 0.89 4 3.96
4 0 0.03 2 0.551 0 0.01 0 0.15 4 0.651
4 + 0 0.09
5 1 0.086
6 1 9.4 x io~l
7 1 8.8 x 10-4
8 1 7.3 x 10"5
9

6

0.298

E

104.63
31.19
4.65
0.46

0.016

Site: 7 8 9 10 12

x = 1.125 x = .260 x = .107 x = 0.533 x = .737

Eggs per quadrat Observed Expected O E 0 E 0 E O E
0 7 5.19 59 56.27 85 83.52 15 17.6 45 36.38
1 5 5.84 11 14.64 6 8.98 14 9.38 20 26.80
2 3 3.29 2 1.90 2 0.48 1 2.5 6 9.87
3 0 0.16
3 + 0 0.52 1 2.42
4 1 0.011 2 0.45
5 0 0.01 0 0.066
6 1 8.08 x 10-3
7 1 1.68 1 8.51 x 10"4
8 + 0 5.05 x 10-3

Site: 14 15 16 17 18
x = .246 x = .394 x = .46 X = .342 X = .565

Eggs per quadrat Observed Expected O E O E O E O E
0 56 50.82 78 70.12 9 8.19 29 26.99 55 39.21
1 4 12.50 16 27.62 3 3.77 6 9.23 11 22.15
2 ' 3 1.54 8 5.44 0 .87 2 1.53 3 5.26
3 2 0.126 1 0.715 1 .13 1 0.18 0 1.18
4 0 0.014 0 0.07 0 0.037 0 0.02 1 0.166
5 0 0.005 1 .018
6 1 3.64 x 10"4
7 + 0 0.030
10 1 .015

13
x = 0.36

O E

18 17.44
5 6.28
2 1.13
0 0.150

19
x = .437

O E

21 20.66
8 9.03
3 1.97
0 0.34

Site:

Eggs per quadrat

01
2
3
4
5 +

20

x = .527

Observed Expected

60 54.91
22 28.94
8 7.62
1 1.34
2 0.176
0 0.014
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Appendix 33a : Risk of oviposition attack for individual flcwerstalks at different densities at Broad Oak Cannon.

No. pis 
/Q Freq.

No. pis attacked 
in class Proportion of 

quadrats attacked
Proportion of 
pis attacked in

No. of quads in which x pis attacked

No. in class
attacked quadrats

1 2 3 4 5 6 7

1 10 .30 .30 1.0 3
2 12 .08 .167 .48 2
3 8 .208 .50 .416 3 1
4 6 .167 .50 .334 2 1
5 10 .12 .40 .3 2 2
6 12 .153 .58 .264 4 2 1
7 4 .107 .50 .214 1 1
8 2 .0625 .50 .125 1
9 2 .055 .50 .11 1
10 2 0 0 0
11 5 .109 .8 .136 2 3
12 1 .083 1.0 .083 1
13 1 0 0 0
14 1 .071 1.0 .071 1
IS 2 .1 1.0 .1 1 1
16 3 .08 0.67 .119 1 0 1
20 1 .2 1.0 .2 0 0 0 1
21 1 .143 1.0 .143 0 0 1
24 1 .125 1.0 .125 0 0 1

Appendix 33b : Risk of oviposition attack for individual flowerstalks at different densities at Honeys.



43
0

Appendix 34 : Table of. abundance of A. cardamines eggs compared with sightings of or attack by other herbivores
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Appendix 36 : Suntnary of correlation matrices calculated for all variables of the control stalks.

FS/Q NN NE FSNE HT FLORET INFLOR AGE FS EGG/Q FS/CLUM patchl
NN 9/17

NE 1/23 0/23
FSNE 0/14 0/14 1/4
HT 0/24 0/24 2/16 0/10

FLORET 0/24 1/25 0/23 0/13 11/18

INFLOR 2/17 0/25 0/23 0/13 8/17 13/18
+ 4- +

AGE FS 0/25 0/25 1/23 0/13 8/18 5/19 3/17
- + + +

BGG/Q 5/14 0/25 6/11 0/13 1/23 0/23 1/19 1A9
+ - + + +

FS/CLUM 11/17 3/25 1/23 0/13 . 1/20 3/21 5/21 0/25 3/19
4- - - + 4- + +

PATCH1 5/17 6/17 1/19 1/9 2/21 1/25 2/21 0/25 1/20 9/17
+ - - - 4* + 4 - 4- +

HEDGE 3/14 1/16 1/20 0/12 2/18 0/22 0/22 1/16 0/20 2/18 1/18
+ 4- 4- + 4-

Key:- a/b a = number of sites with significant r; b = nunber of sites measured or calculable 
+ or - positive or negative correlation coefficient 
= half and half

1 = fs per quadrat; 2 = NN; 3 = nearest egg; 4 = no. of fs to nearest egg; 5 = height; 6 = florets: 7 = egg- age*; 8 = in
florescence; 9 = fs age*; 10 =* eggs per quadrat; 11 = fs per clunp; 12 = patchiness score*; 13 = distance to hedge.
* = non p a ra m e tr ic :  v a r i a b l e

Appendix 35 : Surnnary of correlation matrices calculated for all variables of the egg-bearing stalks.

EGG/Fs FS/Q N N NE FSNE HT FLORET EGG AGE INFLOR FS AGE EGG/Q FS/CLUM PATCH1
FS/O 0/14
N N 0/14 10/25
NE 0/14 6/24 5/24

FSNE 0/5 0/12 0/14 2/10
HT 4/14 3/25 1/24 2/22 0/9

3+ 1- - 4- 4-
FLORET 3/14 2/25 1/25 3/22 1/9 9/24

4- - 4- 4- •f 4-
EGG AGE 2/14 1/25 1/25 3/22 1/9 2/24 1/25

4- - 4- 4- 4- 4* 4-
INFLOR 6/14 0/25 0/25 1/22 1/9 5/24 16/25 1/25

4- 4- 4- 4- 4- 4-
FS AGE 2/14 1/25 0/24 2/21 0/9 9/23 6/24 6/24 3/24

4- - = 4- 4- 4- 4* 4-
EGG/Q 5/14 14/22 3/21 13/20 1/7 5/21 5/21 1/22 2/21 1/20

4- 4- - - - 4+ 1- 4- - 4- -
FS/CLUM 0/14 13/24 5/24 6/21 0/9 2/23 2/24 3/24 1/24 4/23 8/20

4- 4- - - = 4* - 4* 3- 1+ 4-
PATCH1 1/14 7/22 8/23 2/20 1/7 3/22 0/23 0/23 0/23 0/22 1/20 11/22

- 2- 5+ - = - 4- 2+ 1- 4- 4-
HEDGE 0/15 2/18 2/18 1/15 0/1 2/17 2/18 1/18 0/18 1/17 4/21 0/18 3/13

3 — = 3- 1+

Key:- a/b a = number of sites with significant r; b = number of sites measured or calculable
+ or - positive or negative correlation coefficient 
= half and half

1 = eggs per flowerstalk (fs); 2 = fs per quadrat; 3 = NN; 4 = nearest egg; 5 = no. of fs to nearest egg; 6 = height; 7 = 
florets; 8 = egg age*; 9 = inflorescence; 10 = fs age*; 11 = eggs per quadrat; 12 = fs per clunp; 13 = patchiness score*; 
14 = distance to hedge.

* = non parametric variable
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Appendix 37 : Comparison of attributes of chosen flowerstalks and a selection of non-chosen stalks. 

Variable: Number of florets per flowerstalk

Site Mean/Median egg stalks N Mean/Median controls N t or w Probability

Bernwood Field 1.0 18 1.0 9 _
Binfield 1982 2.0 28 2.0 29 w = 873.5 .330
Broadoak Caimon 24.9 + 2.2 44 25.1 + 2.3 30 t = - .06 .95
Broadoak Field 16.4 + 1.6 18 14.3 + 1.5 15 t = 1.0 .32
Holyport Verge 1982 20.9 + 3.0 17 29.5 + 3.8 20 t = -1.79 .08
Honeys 2.0 28 1.0 2S w = 847.5 .105
Warfield 2.0 50 2.00 50 w = 2290 .106
Otmoor 1.0 15 1.0 15 w = 247.5 .548
Pyrford End 1.0 17 1.0 17 w = 292.5 .88
Pyrford Middle 1.5 2 1.0 25 w = 33.5 .64
Maidens Green 1.0 27 1.0 22 w = 705 .55
Pond Field 1.0 25 1.0 20 w = 570 .92
Kissing Gate (early) 18.6 + 1.6 55 20.4 + 2.6 20 t = - .60 .55
Kissing Gate (late) 14 + 0.9 22 13.7 + 1.8 15 t = .13 .89
Rushneadow 1.0 9 1.0 15 w = 112.5 1.0

Variable: Number of inflorescences per flowerstalk

Site Mean for egg stalks N Mean for controls N t Probability

Bernwocd Field 1.28 + .13 18 1.22 + .15 9 .278 .78
Binfield 1982 2.18 + .3 28 1.79 ■+• .24 29 .97 .34
Broadoak Cannon 1.61 + .18 44 1.6 + .2 30 .05 .96
Broadoak Field 1.67 + .16 18 1.3 + .13 15 1.63 .11
Holyport Verge 1982 1.4 + .15 17 2.5 + .4 20 2.66 .014
Honeys 2.2 + .25 28 1.76 + .25 25 1.27 .21
Warfield 1.38 + .12 50 1.64 + .14 50 -1.41 .162
Otmoor 1.67 + .16 15 1.27 + .12 IS 2.02 .05
Pyrford End 1.47 + .26 17 2.2 + .55 17 -1.27 .22
Pyrford Middle 1.00 + 0 2 1.0 + 0 25
Maidens Green 1.26 + .14 27 1.1 + .06 22 1.11 .271
Pond Field 1.2 + .1 25 1.4 + .13 20 -1.20 .24
Kissing Gate (early) 1.8 + .15 55 1.5 + .18 20 1.04 .30
Kissing Gate (late) 1.18 + .1 22 1.13 + .09 15 .35 .73
Rushmeadow 1.3 + .17 9 1.13 + .09 15 1.05 .313

Variable: Height of flowerstalk (an)

Site Mean for egg stalks N Mean for controls N t Probability

Bernwocd Field 24.7 + 1.7 18 21.0 + 1.3 9 1.47 .157
Binfield 1982 29.4 + 1.4 28 27.3 + 1.4 29 1.01 .317
Broadoak Cannon 24.8 + .35 44 28.9 + 1.1 30 -3.0 .004
Broadoak Field 32 + 2.2 18 26.6 + 1.5 15 2.04 .051
Holyport Verge 1982 28.9 + 1.1 17 32.6 + 1.6 20 -1.91 .065
Honeys 30.4 + 1.1 28 28.4 + 1.8 25 .92 .363
Warfield 30.8 + 1. 50 32.3 + .8 50 -1.13 .262
Otmcor 32.8 + 2.9 9 31.1 + 2.1 15 .46 .65
Pyrford End 33.8 + 1.6 17 31.8 + 3. 17 .60 .55
Pyrford Middle 35 + 0 2 22.2 + 1.5 25
Maidens Green 30.9 + 1.0 27 29.0 + 1.1 22 1.3 .205
Pond Field 25 + 1.4 25 24.8 + 1.9 20 0.07 .95
Kissing Gate (early) 29.3 + 0.9 55 29.5 + 1.3 20 - .118 .907
Kissing Gate (late) 30.4 + 1.0 22 29.5 + 1.1 15 .63 .53
Rushneadow 20.6 + 2 9 22.5 + 1.9 15 - .71 .49
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Appendix 37 : Continued

Variable: Flowers talk age

Site Median for egg stalks N Median controls N w Probability

Bemwocd Field 3.5 18 3.0 9 279.5 .165
Binfield 1982 3.8 28 3.0 29 320.0 .905
Broadoak Carman 3.0 44 4.0 30 1365.5 .002
Broadoak Field 3.0 18 3.0 15 276.5 .294
Holyport Verge 1982 2.0 17 3.00 20 219.0 .002
Honeys 4.0 28 3.0 25 773.0 .77
Warfield 2.0 50 4.0 50 1830.0 .000
Otmcor 4.0 15 4.0 15 244.0 .648
Pyrford End 4.0 17 4.0 17 276.5 .480
Pyrford Middle 2.0 2 1.0 25 19.0 .431
Maidens Green 3.0 27 3.5 22 612.0 .21
Pond Field 3.0 25 3.0 20 549 .560
Kissing Gate (early) 2.0 55 4.0 20 1767.5 .0001
Kissing Gate (late) 3.0 22 4.0 15 393.0 .448
Rushneadow 2.0 9 3.0 15 79.0 .049

Variable: Flowerstalks per quadrat ( x V 2

Site Mean egg stalks + S.E. N Mean controls N t Probability

Bern wood Field 4.2 + 1.6 18 5.0 + 2 . 2 9 - .364 0.725
Binfield 1982 4.5 + 0.6 28 2.62 0 . 4 29 2.47 0.017
Broadoak Ccmron 10.4 1.0 44 4.8 . 3 30 4.57 0.00
Broadoak Field 2.94 + .5 18 2.2 + . 3 9 15 1.13 0.27
Holyport Verge 1982 7.88 1.2 17 9.45 + 2 . 4 20 - .58 0.563
Honeys 5.9 + 0.8 28 4.72 + . 3 5 25 1.02 0.313
Warfield 6.0 + .6 50 4.94 + .6 50 1.19 0.238
Otmoor 1.4 Jr .2 15 0.33 4- .3 15 2.78 0.011
Pyrford End 7.06 + 1.0 17 3.06 + .52 17 3.62 0.0014
Pyrford Middle 4.5 + 1.5 2 5.4 -f- .8 25 - .535 0.687
Maidens Green 10.7 4- 1.4 27 10.5 + 1.1 22 0.095 .925
Pond Field 6.3 + 1.0 25 5.45 + 1.7 20 0.41 .685
Kissing Gate (early) 7.8 Jr .7 • 55 3.4 .6 20 5.003 .000
Kissing Gate (late) 3.6 4- .6 22 2.7 + .01 15 1.09 .281
Rushneadow 5.2 + .7 9 4.9 + .8 15 .346 .733

Variable: Distance to nearest neighbour (cm)

Site Mean egg stalks -t- S.E. N Mean controls N - t Probability

Bern weed Field 13.4 + 4.6 18 26.1 + 13.1 9 - .91 .38
Binfield 1982 18 + 4.2 28 31.4 + 7.6 29 -1.5 .131
Broadoak Cannon 4.6 + .3 44 16.9 + 5.6 30 -2.2 .04
Broadoak Field 34.2 + 11.6 18 40.5 + 11 15 - .39 .70
Holyport Verge 1982 7.8 + 2 17 14.8 + 6.6 20 -1.01 .32
Honeys 44.4 + 27.3 28 24.0 + 6.3 25 .72 .48
Warfield 3.6 + 1.1 50 20.2 + 4.8 so -2.3 .02
Otmcor 101.7 + 18.7 15 107 + 13.2 15 - .24 .81
Pyrford End 11.6 + 4.0 17 39.4 + 13.6 17 -1.97 .06
Pyrford Middle 3.5 + 6.5 2 14.3 + 3.9 25 - .76 .59
Maidens Green 9.1 + 1.3 27 5.9 + .9 22 1.6 .12
Pond Field 12.4 + 2.9 25 20.3 + 6.1 20 -1.2 .24
Kissing Gate (early) 12.6 + 3.1 55 26.7 + 8.2 20 -1.6 .12
Kissing Gate (late) 32.2 + 9.6 22 51.2 + 18.5 15 - .91 .37
Rushneadow 8.2 + 2.6 9 7.7 + 1.4 15 .189 .85
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Appendix 37 : Continued

Variable: Nunber of flowerstalks in clunp

Site Mean for egg stalks N Mean for controls N t Probability

Bemwocd Field 3.9 + .6 18 4.1 + 1.6 9 - .126 0.90
Binfield 1982 2.7 + .5 28 2.2 + .4 29 .92 0.36
Broadoak Cannon 12.5 + 1.5 44 5.7 + 1.0 30 3.8 .0003
Broadoak Field 2.9 + .5 18 2.1 + .4 15 1.33 .19

' Bolyport Verge 1982 7.5 + 1.4 17 14.9 + 4.6 20 -1.53 .14
Honeys 6.2 + 1.0 28 3.5 + .8 25 2.1 .041
Warfield 2.8 + .4 50 2.2 + .3 50 1.01 .31
Otmoor 1.07 + .07 15 1.3 + .3 15 - .73 .478
Pyrford End 3.5 + 1.0 17 1.8 + .4 17 1.67 .11
Pyx ford Middle 6.5 + 5.5 2 10.3 + 2.2 25 - .64 .63
Maidens Green 5.5 + 1.5 24 1.7 + .5 22 2.4 .02
Pond Field 7.4 + 1.4 25 4.8 + 2.2 20 .939 .354
Kissing Gate (early) 3.8 + .6 55 3.3 + .7 20 .528 .60
Kissing Gate (late) 1.9 + .4 22 1.6 4- .3 15 .547 .59
Rushmeadow 2.0 + .5 9 2.1 + .4 15 - .11 .913

Variable: Distance to nearest egg (cm)

Site Mean for egg stalks N Mean for controls N t Probability

Broadoak Carmon 39.6 + 9.4 44 153.3 + 34.7 30 -3.2 .003
Broadoak Field 174.8 + 59.9 18 259.7 + 66.1 15 - .95 .35
Holyport Verge 1982 58.5 + 12.8 17 267.0 + 85 20 -2.4 .025
Honeys 86.9 + 14.4 28 155.6 -t- 8.3 25 -4.1 .0002
Warfield 59.4 + 5.3 50 89.8 + 3.7 50 -4.7 .000
Otmoor 268.7 + 18.6 15 285 + 15.0 15 NS
Pyrford End 135.2 + 22 17 200.0 + 0 17 NC
Pyrford Middle 200 +• 0 2 187.1 + 9.0 25 NC
Maidens Green 42.8 + 7.8 27 37.7 + 6.8 22 -4.4 .0001
Pond Field 206 + 42 25 271.7 + 14.2 20 -1.5 .15
Kissing Gate (early) 43.3 + 7.4 55 246.0 + 20.4 20 -9.4 .0000
Kissing Gate (late) 127.3 + 28.8 22 262.2 + 26 15 -3.5 .0014
Rus (meadow 36.8 + 12.4 9 38.5 + 9.2 15 - .114 .91

Variable: Nunber of flowerstalks to nearest egg (as the crow flies)

Site Egg stalks N Controls N t Probability

Binfield 1982 8.86 + 3.4 7
Broadoak Cannon .818 4 -  .14 44 0.67 4- .18 30 . 656 .514
Broadoak Field 0.167 4 - . .09 18 0.33 4- .16 15 - .91 .37
Holyport Verge 1982 1.18 4 - .29 17 3.85 4- 1.1 20 -2.29 .032
Holyport Field 8.75 4 -  2.7 4
Cdiham 0.083 4 - .083 12
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Appendix 37 : Continued

Variable: Eggs per quadrat

Site Egg stalks N Controls N t Probability

Bemwocd Field 1.68 + 0.2 18 .22 + .1 9 5.86 .000
Binfield 1982 1.75 + 0.2 28 0 + 0 29
Broadoak Cannon 2.27 + 0.2 44 0.67 + .2 30 6.77 .000
BroadoaJc Field 2.17 + .4 18 .27 + .27 15 4.49 .0003
Bolyport Verge 1982 1.6 + .2 17 0.15 + .1 20 7.22 .000
Honeys 2.04 + .3 28 0.00 + 0 25
Warfield 1.46 + .12 50 0.16 + .05 50 10.03 .000
Otmoor 1.07 + .10 15 0 + 0 15
Pyrford End 1.76 + .30 17 .23 + .14 17 4.94 .0001
Pyrford Middle 1.00 + 0 2 0.04 + 0 25
Maidens Green 1.74 + .3 27 .36 + .14 22 4.21 .0002
Pond Field 1.68 + .16 25 .00 + 0 20
Kissing Gate (early) 2.78 + .4 55 0 + 0 20
Kissing Gate (late) 2.23 + .39 22 0.4 +0.2 15 4.17 .0002
Rusbneadow 2.0 + .37 9 0.5 + .16 15 3.59 .004

Variable: Distance to nearest edge of clump (cm) i.e. where patchiness score equals 5, 4 or 2

Site Mean for egg stalks N Mean for controls N t Probability

Bernwood Field 0 + 0 15 0 + 0 6
Binfield 1982 2.6 + 1.39 11 2.1 + 1.4 12 NS
Broadoak Cannon 1.6 +0.67 44 1.3 + .63 30 0.28 .78
Broadoak Field 0 0
Holyport Verge 1982 0.35 + .26 17 2.85 + 1.12 20 -2.16 .043
Honeys 4.71 + 2.01 17 2.79 + 1.4 14 .781 .442
Warfield 2.41 + .82 22 3.55 + .92 20 - .923 .362
Otmoor 0 0 1
Pyrford End 1.25 + 1.25 8 0 + 0 3
Pyrford Middle 2 1 4 + 1.14 15
Maidens Green 2.57 + 2.15 14 5 + 2 2 NS
Pond Field 3.84 + 1.96 19 4.0 + 2.51 8 - .05 .961
Kissing Gate (early) 1.36 + .64 33 0 + 0 19
Kissing Gate (late) 0 + 0 7 1.6 + 1.6 5
Rushneadow 0.8 + .8 5 0.714 + .71 7 .08 .94

Variable: Distance to nearest edge of patch (cm) i.e. where patchiness score equals 5, 3 or 2

Site Mean for egg stalks N Mean for controls N • t Probability

Bernwood Field 0 0
Binfield 1982 0 0
Broadoak Cannon 438.1 + 49.9 44 38.97 + 21.5 30 7.73 0.000
Broadoak Field 0 0
Kolyport Verge 1982 115.9 + 31.8 17 177.00 + 54.6 20 - .97 .341
Honeys 117.4 + 37.6 25 197.7 +80.4 18 - .90 .37
Warfield 0 0
Otmoor 0 0
Pyrford End 0 0
Pyrford Middle 0 0
Maidens Green 300 + 0 2 0
Pond Field 0 0
Kissing Gate (early) 0 0
Kissing Gate (late) 0 0
Rushneadow 0 0
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Appendix 37 : Continued

Variable: Distance to the nearest hedge (can)

Site Mean for egg stalks + S.E. N Mean for controls N t Probability

Bernuood Field 1392 + 310 18 556 + 137 9 2.47 .022
Binfield 1982 1065 + 91 28 909 + 77 29 1.30 .20
Broadoak Cannon
Broadoak Field
Holyport Verge 1982
Honeys 1288 + 116 28 198 + 80.4 18 -1.14 .26
Warfield 1459 + 180 50 1997 + 151 so -2.29 .024
Otmcor 5053 + 450 15 5933 + 267 15 -1.68 .107
Pyrford End 2682 + 369 17 2814 + 405 17 - .24 .81
Pyrford Middle
Maidens Green 762 + 99 27 1219 + 85 22 -3.5 .001
Pond Field 3056 + 390 25 4310 + 537 20 -1.89 .067
Kissing Gate (early) 304 + 36 55 560 + 50 20 -4.12 .0002
Kissing Gate (late) 489 + 55 22 407 + 55 15 1.05 .300
Rushmeadow 3000 + 0 9 3000 + 0 15

Variable: Patchiness score

Site Median for egg stalks N Median for controls N w Probability

Bern wood Field 4.0 18 4.0 9 265.5 .50
Binfield 1982 1.0 28 1.0 29 803.5 .90
Broadoak Cannon* 2.0 44 2.0 30 1733 .364
Broadoak Field* 1.0 18 1.0 15
Holyport Verge 1982* 2.0 17 2.0 20 328.0 .891
Honeys 4.0 28 3.0 25 810.5 .336
Warfield 1.0 50 1.0 50 2475 .733
Otmoor* 1.0 15 1.0 15 232 1.0
Pyrford End 1.0 17 1.0 17 323 .39
Pyx ford Middle 2.5 2 4.0 25 25.0 .92
Maidens Green 3.0 27 1.0 22 811.0 .0065
Pond Field 3.0 25 4.0 20 665.0 .041
Kissing Gate (early) 4.0 55 4.0 20 1897.5 .021
Kissing Gate (late) 1.0 22 1.0 15 415. .95
Ruslmeadow 4.00 9 1.00 15 118.5 .743

Variable: Mean number o£ eggs per flowers talk, and median egg age - stalks receiving eggs only

Site Mean eggs/fs N Median egg age N

Bemwocd Field 1.0 + 0 18 3.00 18
Binfield 1982 1.14 + .08 28 3.00 28
Broadoak Cannon 1.14 + .06 44 3.00 44
Broadoak Field 1.17 + .12 18 3.00 18
Holyport Verge 1982 1.0 + 0 17 3.0 17
Honeys • 1.14 + .08 28 3.0 28
Warfield 1.06 * .034 50 2.5 50
Otmoor 1.07 + .07 15 3.0 15
Pyrford End 1.06 + .06 17 3.0 17
Pyrford Middle 1.0 + 0 2 2.0 2
Maidens Green 1.0 + 0 27 3.0 27
Pond Field 1.00 + 0 25 3.00 25
Kissing Gate (early) 1.20 + .07 55 1.0 55
Kissing Gate (late) 1.09 + .06 22 3.0 22
Rushneadow 1.0 + 0 9 1.0 9



Appendix 38a : Life table for eggs on: chosen flcwerstalks.
4 3 7.

Stadium Lx dx I^ge ke

Egg 29
9

3.367
0.372

1st 20
8

2.995
0.51

2nd 12
2

2.485
0.183

3rd 10
4

2.302
0.51

4th 6
1

1.792
0.183

5 th 5
1

1.609
0.223

Pupa? 4 1.386

Ke = 1.981

Causes of mortality

Mortality Egg 1st 2nd 3rd 4th 5th

Disturbed by slug 7 1 1
Marrmal 1
Spider 
Dessication

1

No food
Unknown, disappeared 12 7 1 4

1 1

Appendix 38b : Life table for eggs on: non-chosen flowerstalks.

Stadium Lx dx loge ke

Egg 29
11

3.367
0.477

1st 18
5

2.890
0.325

2nd 13
0

2.565
0.00

3rd 13
1

2.565
0.08

4th 12
4

2.485
0.406

5th 8
5

2.079
0.98

Pupa? 3 1.099

Ke = 2.268

Causes of mortality

Mortality Egg 1st 2nd 3rd 4th 5th

Disturbed by slug 6 1
Maximal 3
Spider 
Dessication 2

1

No food 
Died on plant 3 1

3 4

Disappeared 11 1 1
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Appendix 39 : Weight losses and gains by control pods during functional 
response experiments in petri dishes.

Mean of wet weight control (end) used in (i) 
wet weight control (start)
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Appendix 40a; Effect of larval instar on food eaten per day (mg dry weight).

Instar 1 2 3 4 5

Body wet weight (mg) 13.32 
(n = 1)

26.6 + .6 
(n =— 4)

51.5 + 4.9 
(n = 9)

96.3 + 5.1 
(n = 13)

139.6 + 8.7 
(n = 16)

Body dry* weight (mg) 2.66 5.32 10.3 19.26 27.92
(Loge) (0.98) (1.67) (2.33) (2.95) (3.33)

Food eaten per day (dry wt mg) 5.0 4.0 7.0 40 62
(Loge) (1.61) (1.39) (1.94) (3.69) (4.13)

* Dry weight of larvae is estimated to be 20% of wet weight.
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APPENDIX 40b Data from functional response experiment on all instars

INSTAR 1 2
Gi ven Eaten Gi ven Eaten

Amount of food .0099 -.0010 .0060 .0020
(dry wt gms) .0127 -.0003 .0085 -.0003

.0138 -.0017 .0097 .0075

.0066 .0017 .0091 .0028

.0132 -.0019 .0159 .0015

.0093 .0004 .0090 -.0024

.0088 .0004 .0142 .0014

.0099 .0002 .0094 -.0009

.0113 -.0003 .0118 .0007

.0136 .0032 .0182 .0111

.0234 .0036 .0190 .0069

.0238 .0057 .0178 .0047

.0193 .0022 .0122 .0017
.0187 .0019 .0115 .0067
.0210 -.0012 .0223 .0024
.0271 .0027 .0207 .0036
.0138 .0013 .0257 .0057
.0313 .0038 .0168 .0056
.0252 .0015 .0178 -.0033
.0266 .0035 .0179 .0063
.0333 .0095 .0266 .0011
.0238 .0056 .0193 .0019
.0333 .0008 .0179 .0016
.0303 .0042 .0168 .0077
.0265 .0035 .0413 .0104
.0206 .0095 .0333 .0060
.0286 .0024 .0377 .0005
.0336 .0086 .0272 -.0001
.0292 .0059 .0368 .0045
.0287 .0068 .0349 .0031
.0354 -.0004 .0327 -.0023
.0450 .0116 .0252 .0018
.0466 .0036 .0253 .0043
.0614 .0110 .0206 .0017
.0324 .0056 .0389 .0059
.0438 .0118 .0412 .0078
.0483 .0045 .0350 .0000
.0369 .0013 .0413 -.0035
.0410 .0005 .0394 .0023
.0298 .0025 .0496 .0028
.0500 .0090 .0407 .0049
.0481 -.0013 .0696 .0020
.0581 .0103 .0436 .0135
.0601 -.0029 .0399 .0053
.0639 .0059 .0443 .0005
.0474 .0091 .0707 .0046
.0464 .0014 .0354 .0050
.0488 .0015 .0491 .0077
.0470 -.0019
.0470 .0064

3 4 5
Given Eaten Gi ven Eaten Gi ven Eaten

.0087 .0009 .0297 .0065 .0562 .0447

.0111 .0036 .0205 .0138 .0456 .0318
.0131 .0044 .0300 .0015 .0422 .0324
.0102 .0066 .0206 .0130 .0444 .0343
.0137 .0081 .0208 .0171 .0523 .0414
.0156 .0099 .0262 .0136 .0460 .0412
.0085 .0043 .0183 .0074 .0393 .0351
.0125 .0007 .0271 .0165 .0529 .0452
.0186 .0043 .0190 .0162 .0421 .0327
.0127 .0027 .0278 .0027 .0427 .0360
.0149 .0075 .0477 .0154 .0578 .0481
.0344 .0033 .0356 .0109 .0566 .0466
.0250 .0085 .0554 .0124 .0374 .0342
.0169 .0064 .0358 .0031 .0457 .0312
.0257 .0070 .0372 .0247 .0500 .0434
.0215 .0161 .0310 .0120 .0515 .0432
.0244 .0088 .0401 .0158 .0628 .0553
.0216 .0051 .0353 .0119 .0621 .0484
.0247 .0071 .0467 .0230 .0540 .0349
.0274 .0048 .0408 .0192 .0452 .0374
.0348 .0017 .0555 .0206 .0827 .0766
.0441 .0043 .0450 .0171 .0923 .0577
.0358 .0045 .0355 .0085 .0841 .0570
.0465 .0070 .0502 .0164 .1159 .0492
.0381 .0057 .0368 .0140 .1045 .0755
.0584 .0108 .0472 .0142 .0959 .0468
.0471 .0031 .0569 .0185 .0952 .0724
.0524 .0018 .0437 .0031 .0969 .0700
.0517 .0020 .0495 .0193 .0831 .0706
.0569 .0038 .0471 .0355 .1079 .0797
.0404 .0064 .0868 .0251 .1053 .0311
.0414 .0096 .0803 .0064 .1204 .0507
.0391 .0073 .0969 .0203 .1089 .0560
.0563 .0090 .0682 .0123 .1206 .0375
.0583 .0035 .0737 .0502 .0969 .0450
.0579 -.0032 .0809 -.0056 .1028 .0606
.0462 .0044 .1014 .0321 .0955 .0579
.0570 .0076 .1057 .0102 .0982 .0839.0675 .0069 .0891 -.0041 .1087 .0541.0641 -.0016 .1439 .0505 .1115 .0714
.0623 .0038 .1308 .0172 .1423 .0379
.0654 .0124 .1526 .0436 .1442 .0382
.0586 .0045 .1142 .0489 .1439 .0779
.0653 .0029 .1136 .0163 .1666 .0557.0541 .0174 .1173 .0645 .1583 .0434.0827 .0041 .1356 .0438 .1770 .0349.0585 .0067 .1231 .0244 .1444 .0390.0616 .0167 .1511 .0771.0651 .0206 .1988 .0821.0745 .0082 .2064 .0739



4 4} .
Aopendix 41 : Effect of larval density and harvestinq data on components of dry weiqht 

Treatment means (untransformed data) of flowerstalk waiqht remaininq (mg) dry weiqht

and size.

Harvest density Early Late Overall
10 85.6 + 21.0 146.9 + 17.75 116.25

3 163.2 + 24.6 101.7 + 12.19 132.45

0 158.5 + 12.5 116.8 + 15.09 137.65

Overall

2-way ANOVA on Loge (x + 1) transformed data

135.77 121.8

Larval density F2 ^ 4 = 1.97, NS; Harvest F^ n 4  = 0.18, NS; Interaction F_ ... = 3.73, 2 1114 p < .05.

Treatment means (untransformed data) of length of stalk remaininq (cm)

Harvest density Early Late Overall
10 14.68 + 1.56 26.35 + 1.90 20.51

3 24.03 + 1.78 22.35 + 2.17 23.19

0 22.18 + 1.03 25.73 + 1.52 23.95

Overall 20.30 24.81

2-way ANOVA on Loge (x + 1) transformed data

Larval density F- ... = 1.98, NS; Harvest F. ... = 1.86, NS; 2,114 1,114

Treatment means (untransformed) of root dry weiqht (mq)

Interaction F~ - 3.02f 2,114 NS.

Density N Mean S• E.

10 20 

3 17 

0 27

(19) 422 (327.5) 104.2 

201 29.83 

448 67.74

(46.06)

1-way ANOVA on Lege (x + 1) transformed data 

Larval density F_ .. = 2.83, NSm  ol

Treatment means (untransformed) of root dry weiqht (mq)

Harvest N Mean S.E.

Early 24 439 72.67

Late 40 336 57.71

1-way ANOVA on Loge (x + 1) transformed data

Harvest data F. = 0.76, NS 1 / 52

Treatment means (untransformed) of change in flowerstalk length (cm)

Harvest density Early Late Overall

10 13.25 + 1.52 1.15 + 1.48 7.20

3 1.58 + 1.73 1.68 + 1.90 1.63

0 - .65 + .14 -2.17 + .48 -1.41

Overall 4.73 .22 2.47

2-way ANOVA

Larval density F^ ^ 4 = 19.32, p < .005; Harvest data F^ ^ 4 = 15.44, p < .005; Interaction ,, . =2,114 < .005
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Appendix 41 : Continued

Treatment means (untransformed) of foliage dry weight (mg)

Density N Mean S.E.

10 19 (18)* 339 (207)* 139.7 (49.81)*

3 17 82 17.70

0 24 139 20.41

* = Mean with exceptionally large plant ranoved

1-way AMOVA on Loge (x + 1) transformed data

Larval density F2 = 4.34, p < .025

Treatment means (untransformed) of foliage dry weight (mg)

Harvest N Mean S.E.

Early 21 122 23.57

Late 39 (38) 221 (155.3)* 70.30 (26.12)

1-way ANOVA on Lege (x + 1) transformed data 

Harvest data = 4.53, p < .05



Appendix 42 : Effect of larval density on flowerstalk weight remaining (mg 
dry weight) - comparability analysis.

Treatment means (untransformed data)
Treatment N Mean S.E.
1 0  larvae 2 0 85.6 21.04

3 6 160.9 35.15

0 2 0 158.5 12.50

1-way ANOVA on Loge (x + 1 ) transformed data

Larval density ^  a 7.88, p < .005

Treatment means (untransfooted data) (cm)
Treatment N Mean S.E.

1 0  larvae 2 0 14.68 1.56
3 6 25.50 1.49

0  “ 2 0 22.18 1.03

1-way ANOVA on Logs (x + 1) transformed data 
Larval density F2 4 3  = 7*55, p < .005

Appendix 43 : Effect of larval density and harvesting date on reproductive 
units.

Treatment means (untransformed data) of fertile pods remainiro Der flower
stalk : ---------- -----------
Harvest density Early Late Overall

1 0 0.40 + 0.35 0.45 + 0.17 0.42
3 3.15 + 1.10 1.98 + 0.76 2.56
0 2.25 + 0.71 1.70 + 0.43 1.97

Overall 1.93 1.38

2-way ANOVA on Loge (x + 1 ) transformed data
Larval density F2 ^  = 6.36, p < .005
Harvest F, = 1/114 0.0, NS
Interaction = 2,114 0.28, NS

Treatment means (untransfonroad data) of seed per flowerstalk
Density N Mean S.E.

1 0 2 0 2 . 0 1.74 ■
3 2 0 9.3 4.61
0 2 0 2 . 6 1.05

1-way ANOVA on Loge (x + 1) transformed data 
Larval density F2 ^  = 2.02, NS
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Append Lx 44 : Effect of larval density on larval parameters.

The effect of larval density on the number of days si..}ived by larvae in the field

Plot mean S.E. N Treatment mean S.E.

Density 5.33 2.67 3
3

7.00 1.15 3
6.33 0.85

7.67 0.33 3
5.33 2.33 3

10 5.70 1.05 1 0

6.30 1 . 1 2 1 0
6.25 0.56

6.50 1.25 1 0

6.50 1 . 2 2 1 0

1-way ANOVA, Fj 5Q = .01, NS

Effect of larval density on distance moved per larva 1[includes non-movers)
Treatment N Mean (cm) S.E.

1 0 40 10.40 1.56

3 1 2 8.42 2.59

Non-movers removed:

1 0 28 14.86 1.61
3 7 14.43 2.58

1-way ANDVA on Lege (x + 1) transformed data
Larval density = 0.42, NS

Effect of larval density on number of plant to plant 1:ransfers per larva (includes non-movers)

Treatment N Mean S.E.

1 0 4 1.725 0.26

3 4 1.09 0 . 2 0

Non-movers removed;
1 0 4 2.45 0.33

3 4 2 . 2 1 0.35

12

40

1-way ANOVA, F j g = 3 .7 2 , NS
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APPENDIX 45 Effect of temperature on larval feeding rate

a) Rel at ionsh i p between dry weight (ng) 
and wet weight  (mg) of C. pr a t e ns is  
mat er ia l  used in temperature and feed
ing r a t e  experiment .

Regression equat ion i s :

y = 8.78 + 0.215x r = .79,  df = 74 p < 0 0 5

b) Conversion c o e f f i c i e n t s  ca lcul at ed  from wet weight (end)
wet weight ( s t a r t )

in control  dishes

Temperature (°C) Mean Index S.E.

10 0.9024 .0073
15 0.9226 .0321
20 0.7902 .0258
25 0.8255 .0160
30 0.8483 .0297

c) The e f f e c t  of temperature (°C) on the r a te of feeding of wel l - fed 5th i n s t a r  larvae
measured by milligrammes dry weight of C. p r a t e n s i s  consumed per day

30Temperature 10 15 20 25

Dry wt(mg) pi ant 31.3 28.6 41.5 67.6 76.3
mat er i al  consumed 24.8 25.1 63.3 78.8 50.1
per l ar va  per  day -3.0 47.4 68.7 33.4 78.1

-5.4 10.2 70.6 71.9 59.7
11.5 33.8 17.9 73.9 71.3

-10.9 43.3 36.7 40.0 50.1
1.7 16.6 -9.6 62.6 90.2

33.3 60.6 65.7 47.8 89.6
-10.7 -47.0 68.5 -61.0 58.2

6.2 -55.7 70.1 9.6 42.7
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Appendix 47 : Variation in head capsule size with instar and temperature.

Temp (°C) 1 0 15 2 0 25 30

a 1 1 15 17 14 1 0

Head diam (mn)
1 st .3 + . 0 2 .3 + .01 .4 + .01 .3 + .004 .3 + .01
2 nd .7 + .02 .7 + .02 .7 + .02 .7 + .02 .75 + .01
3rd 1 . 1  + . 0 2 1 . 1  + . 0 2 1 . 0  + . 0 1 1 . 1  + . 0 2 1 . 1  + . 0 2
4th 1.5 + .02 1.5 + .03 1.5 + .03 1.5 + .02 l.a + .03
5th 2.3 + .04 2.3 + .04 2 . 2  + . 0 2 2.2 + .04 2.3 + .05

Variation in head capsule size with instar (temperature data pooled)

Instar N Mean head capsule (tiro) S.E.

1 st 67 0.3 .006
2 nd 67 0.7 . 0 1 0
3rd 67 1 . 1 . 0 1
4th 67 1 . 6 . 0 2
5th 67 2.3 . 0 2

Appendix 46 : The effect of temperature on the duration of the white, orange and brown egg stage.

Tempgrature a White egg 
(days)

S.E. Orange egg 
(days)

S.E. Brawn
(days)

S.E.

1 0 1 2 3.00 0 . 0 0 12.417 0.23 1.75 0.13
15 15 1.067 0.07 4.067 0 . 1 2 0.67 0.13
2 0 17 0.647 0 . 1 2 3.059 0.13 0.82 0.09
25 14 1.000 0 . 0 0 2.143 0 . 1 0 0 . 2 1 0 . 1 1

30 1 0 1.000 0 . 0 0 1.000 0 . 0 0 1 . 0 0 0 . 0 0



447

Appendix 48 : The effect of temperature on the maximum body length (mm).

Recorded during:
a) 1 st instar

Tenperature n Mean maximun body length (mm) S.E.

1 0 1 1 3.8 . 1 0
15 15 3.7 .09
2 0 17 3.4 . 1 0
25 14 3.5 . 2 0
30 1 0 3.9 . 1 0

1-way ANOVA ? 4  g 2  = 2.06, NS

b) 2 nd instar

1 0 1 1 6 . 1 0 . 1 0
15 15 6.3 0 . 1
2 0 17 4.8 0 . 2
25 14 5.3 0 . 2
30 1 0 5.9 0 . 2

1-way ANOVA F4 g 2  =■ 14.21, p < .005

c) 3rd instar

1 0 1 1 9.8 0 . 2
15 15 10.7 0 . 2
2 0 17 9.8 0 . 2
25 14 1 0 . 2 0.4
30 1 0 10.9 0.3

1-way ANOVA F4 6 2  = 3.19, p < .025

d) 4th instar

1 0 1 1 15.8 0.3
15 15 17.0 0.3
2 0 17 17.2 0.3
25 14 15.3 0.5
30 1 0 17.5 0 . 6

1-way ANOVA F4 g 2  = 3.82, p < .025

e) 5th instar

1 0 1 1 25.7 0.4
15 15 28.7 0.5
2 0 17 26.1 0.4
25 14 26.6 0.5
30 1 0 27.3 0 . 6

1-way ANOVA F4 gQ = 6 .1 1 , p < .01
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Appendix 49 : Flora of Ribblesdale Park.

Achillea millefolium 
Agrostis canina 

" capillaris 
Alisima plantago aquatica 
Alopecurus geniculatus 

" pratensis
Angelica sylvestris 
Anthoxanthum odoratum 
Anthriscus sylvestris 
Arrhenatherum elatius 
Athyrium f ilix-femina

Bromus sterilis

Caltha palustris 
Cardamine pratensis 
Carex hirta 

" nigra 
" ovalis 
" pendula 
" remota 

Centaurea nigra 
Cirsium arvense 

" palustre 
Conopodium majus

Dactylis glcmerata 
Deschampsia caespitosa

Eleocharis palustris

Festuca rubra 
Filipendula ulmaria

Gallium aparine 
Gallium palustre 
Geum urbanum 
Glyceria fluitans

Heracleum sphondylium 
Holcus lanatus

Iris pseudacorus

Juncus acutiflorus 
" effusus

Mentha aquatica

Penanthe crocata

Poa trivialis

Ranunculus acris 
" flammula
" repens

Rubus fruticosa 
Rumex acetosella

Scirpus sylvaticus 
Senecio jacobea 
Stellaria alsine 

" graminea

Trifolium pratense 
" repens

Urtica dioica

Veronica chamaedrys 
" scutellata 

Vicia sativa

Lathyrus pratensis 
Lolium perenne 
Lotus comiculatus 

" uliginosus 
Luzula campestris 
Lychnis flos-cuculi 
Lycopus europaeus
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Appendix 50a : Ke values for A. card amines - all sites and all years.

Site: HP 81 HP 82 83 BIN 81 RIB 83 KG 81 82 83 PM 82 83 FA 83 PF 82 Pooled Courtney

Stadiun:
Egg (.197) .514 .477 .259 337 1.135 .739 1.43 .821 .842 .187 .489 .5316 .0633

1 st (.245) .396 .077 .350 219 .405 .503 0.693 .606 .388 .231 .747 .3360 .6267

2 nd (.49) .056 .105 .124 118 . 0 0 0 .425 .511 .693 . 1 1 1 .077 .118 .1452 .2065

3rd . 1 2 1 . 0 0 0 .419 208 1.099 .125 . 0 0 0 .693 . 0 0 0 .041 .981 .1990 -
- .0501

4th .726 .069 .446 204 . 0 0 0 .629 .405 1.099 .125 .234 .693 .2933 -

Appendix 50b : Survivorship data for A. card amines - all sites and all years.

Site: HP 82 83 BIN 81 RIB 83 KG 81 82 83 PM 82 83 FA 83 PF 82 NS

Stadium:
Bgg 92 87 79 157 28 90 42 50 65 41 62 793

1 st 55 54 61 1 1 2 9 43 1 0 2 2 28 34 38 466

2 nd 37 50 43 90 6 26 5 1 2 19 27 18 333

3rd 35 45 38 80 6 17 3 6 17 25 16 288

4 th 31 45 25 65 2 15 3 3 17 24 6 236

5th 15 42 16 53 2 8 2 1 15 19 3 176

% Survival 16.3 48.3 2 0 . 2  - 33.8 7.1 8.9 4.8 2 . 0 23.1 46.34 4.8 22.19

Key to sites: HP = Holyport Verge
BIN = Binfield Manor 
RIB = RibPlesdale Park 
KG = Kissing Gate 
PM = Rush Meadow 
FA = Farm, Silwocd Park 
PF = Pond Field
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Appendix 51 : Causes of mortality.

Bgq Mortality

Site: BIN 81 HP 81 HP 82 HP 83 KG 81 KG 82 KG 83 RM 82 RM 83 F 83 PF 82 RIB8  83 TOTAL

Cannibalism 5 1 6
Cannibalisu ? 2 S 8 1 3 19
Blackened 1 1
Slug 1 1 5 1 2 7 1 0 4 8 39
Predation/ 4 5 4 3 2 1 2 3 5 29

dessication
Lepidopteran 1 1

competitor
Rabbit 1 1 8 1 1 8 9 8 1 47
Philaenus sp. 1 2 5 2 1 0
Spider 1 1 1 1 4
Tbtricid sp. 1 1 1 3
Hatch failure 1 1
Infertile 4 2 6
Drowned 1 1 2
Buds removed 1 0 1 0
Host uprooted

or felled 1 1

Unknown 6 19 14 14 33 1 2 1 2 . 15 2 14 1 1 152

Tbtal 18 5 37 33 19 47 31 28 37 7 24 45 331

1st Instar

Site: BIN 81 HP 81 HP 82 HP 83 KG 81 KG 82 KG 83 RM 82 RM 83 F 83 PF 82 RIBS 83 TOTAL

Cannibalisn 1 1
Cannibalise 7 1 2 3
Slug 1 1 1 1 3 3 1 0
Unknown (on plant) 3 3
Competitor 1 1
Rabbit 2 2 1 5
Horse 1 1
Philaenus sp. 1 1 2 4
Spider 1 3 1 1 6
Moult failure 1 1
Failure to feed 1 1 2
Buds removed 1 1
Host uprooted 1 1 2

Unknown 15 4 1 1 3 3 15 5 6 6 4 16 1 0 98

Tbtal 18 5 18 4 3 17 5 1 0 9 7 2 0 2 2
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Appendix 51 : Continued

Larval - 2nd to 4th Instars

Site: BIN 81 HP 81 HP 82 HP 83 KG 81 KG 82 KG 83 PM 82 RM 83 F 83 PF 82 RIBB 83 TOTAL CAUSE

2 nd 1 1 2 Rabbit
instar 1 2 3 Slug

1 1 Broken plant
1 1 Unsuccessful moult
1 1 Bacteria

1 3 4 Unknown (on plant)
3 2 5 9 1 5 1 2 1 4 33 Unknown

5 7 2 5 0 9 2 6 2 2 2 1 0 TOTAL

3rd 1 1 Horse
instar 2 2 4 Slug

1 1 2 Uprooted
2 1 1 1 1 6 Parasitoid
2 2 Bacteria

1 . 1 Competitor
5 2 1 1 9 No food

1 1 Drowned
1 1 1 5 8 Unknown (on plant)
2 1 3 1 7 4 2 2 Unknown

13 11 4 0 4 2 0 3 0 1 1 0 15 TOTAL

4th 1 1 Uprooted
instar 1 1 5 7 Parasitoid

2 2 Bacteria
7 1 2 5 1 2 4 31 No food

1 1 2 Spider
1 1 Mole ?

1 1 1 3 Unknown (on plant)
3 1 1 1 3 4 13 Unknown

9 16 3 0 7 1 2 2 5 3 1 2 TOTAL

Larval - 5 th Ins tars

Site: BIN 81 HP 82 HP 83 KG 81 KG 82 KG 83 RM 82 RM 83 F 83 PF 82 RIBB 83 TOTAL

Parasite 2 3 5
No food 8 1 3 5 1 2 29
Unknown 1 4 5
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Appendix 52 : Variation in egg and 1st mortality with density (eggs pec flowerstalk).

Site: BIN 81 HP 81 HP 82 HP 83 KG 81 KG 82 FW 82 PM 83

Eggs/fs 1 2 ■ 3 4 1 2 1 2 1 2 1 2 6 1 2 3 1 2 3 1 2 3
n (fs) 46 1 0 3 1 26 1 78 7 71 1 2 1 2 2 2 54 15 2 43 2 1 54 4 1

No. killed 1 0 5 2 1 4 1 31 6 33 5 6 3 1 0 26 19 2 24 2 2 29 6 2

% killed 21.7 25 2 2 . 2 25 15.4 50 39.7 42.8 46.5 41.7 50 75 83.3 48.1 63.3 33.3 55.8 50 6 6 53.7 75 67
No. cannibalised 0 4 27 1 0 0 0 5? 0 0 0 0 0 0 6 ? 2 ? 0 0 0 0 0 0

% cannibalised 0 2 0 2 2 . 2 25.0 0 0 0 35.7 0 0 0 0 0 0 2 0 33.3 0 0 0 0 0 0

No. 1st instar 
killed 1 0 7 0 1 5 0 13 5 1 2 1 0 2 1 0 6 1 8 1 - 1 0 1 0

% killed 21.7 35 0 25 19.2 0 16.7 35.7 1.4 8.3 8.3 0 16.7 18.5 2 0 16.7 18.6 25 33 0 1 2 .S 0

Overall % egg 
and lsts killed 43.4 60 2 2 . 2 50 34.6 50 56.4 78.5 47.9 58.3 58.3 75 1 0 0 6 6 . 6 83.3 49.9 74.4 75 1 0 0 53.7 87.5 67

Site: FARM PF 82 RIB8

Eggs/fs 1 2 3 1 2 3 ■ 1 2 3
n (fs) 30 4 1 55 2 1 115 15 4
No. killed 0 4 3 2 0 2 2 33 1 0 2

% killed 0 50 1 0 0 36.4 50 67 28.7 33.3 16.7
No. cannibalised 0 1 0 - - - 0 4 0

% cannibalised 0 12.5 0 - - - 0 13.3 0

No. 1st instar 
killed 3 4 0 17 2 1 13 7 2

% killed 1 0 50 0 30.9 50 33 11.3 23.3 16.7

Overall % egg 
and lsts killed 1 0 1 0 0 1 0 0 67.3 1 0 0 1 0 0 40 56.6 33.3
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Appendix 52 : Continued

Generalized lin e a r  modelling a n a ly s is  o£ the e f fe c t  o£ egg density  per flow erstalk on egg m orta lity

Model
no.

Model Residual
variance

DE X2 DF Comparative model Probability

1
2

NULL
DENSITY

105.5
98.21

30
29 7.29 1 DENSITY (ignoring site) 

1 - 2
. 0 1

3 DENSITY + SITE 45.00 23 53.21 6 SITE (controlling for density) 
2-3

. 0 0 1

4 DENSITY + SITE + SITE DENSITY 16.52 17 28.48 6 SITE. DENSITY (controlling for site 
£ density)

3-4
. 0 0 1

5 DENSITY + YEAR 81.50 27 16.7 2 YEAR (controlling for density) 
2-5

. 0 0 1

6 DENSITY + YEAR + YEAR. DENSITY 78.68 25 2.82 2 YEAR. DENSITY (controlling for year 
& density)

5-6
NS

7 DENSITY + YEAR + SITE 43.33 2 1 1.67

38.17

2

6

YEAR (controlling for density & 
site)

3-7
SITE (controlling for year & 

density)
5-7

NS

. 0 0 1

Generalized linear modelling analysis of the effect of egg density per flowerstalk on 1st instar mortality

Model
no.

Model Residual
variance

DF X2 DF Comparative model Probability

i NULL 102.30 29
2 DENSITY 94.21 28 8.09 1 DENSITY (ignoring site + year) . 0 1

1 - 2

3 DENSITY + YEAR 56.39 26 37.82 2 YEAR (controlling for density) . 0 1
2-3

4 DENSITY + YEAR + YEAR. DENSITY 54.30 24 2.09 2 YEAR. DENSITY (controlling for year NS
■s density)

3-4

5 SITE 79.10 23 23.2 6 SITE (ignoring year & density) . 0 1
1-5

6 DENSITY + SITE 71.59 2 2 22.62 6 SITE (controlling for density) . 0 1
2 - 6

7 DENSITY + SITE +■ SITE. DENSITY 52.60 16 18.99 6 SITE. DENSITY (controlling for site . 0 1
£ density)

8 DENSITY + YEAR + SITE 40.78 2 0 15.61 6 SITE (controlling for density £ .05
year)

3-8
2 0 30.81 2 YEAR (controlling for density £ . 0 1

site)
6 - 8
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Appendix 52 : Continued

Generalized linear modelling analysis of the effect of egg density per flowerstalk on egg + 1st instar mortality

Model
no.

Model Residual
variance

DF DF Comparative model Probability

i NULL 131.8 30
2 DENSITY 117.5 29 14.3 1 DENSITY (ignoring site + year) 

1 - 2
. 0 1

3 DENSITY + YEAR 74.45 27 43.05 2 YEAR (controlling for density) 
2-3

. 0 1

4 DENSITY + YEAR -I- YEAR. DENSITY 73.9 25 0.5 2 YEAR. DENSITY (controlling for year 
& density)

3-4
NS

5 SITE 80.91 24 50.89 6 SITE (ignoring year & density) 
1-5

. 0 1

6 DENSITY + SITE 58.8 23 48.7 6 SITE (controlling for density) 
2 - 6

. 0 1

7 DENSITY + SITE + SITE. DENSITY 32.36 17 36.4 6 SITE. DENSITY (controlling for 
density + site) 

6-7
. 0 1

8 DENSITY + YEAR + SITE 58.5 2 1 15.95 6 SITE (controlling for year & 
density)

3-8
.05

10.3 2 YEAR (controlling for site & 
density)

6 - 8

.05
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Appendix 53 : Variation in egg and 1st instar mortality with egg per quadrat density.

Site: BIN 81 HP 81 HP 82 HP 83

Eggs/Q 1 2 3 4 5 1 2 3 4 1 2 3 4 1 2 3 4 5 6

n eggs 35 19 9 1 2 4 15 9 2 2 42 28 14 8 50 24 6 4 4 7
No. eggs killed 8 4 4 1 1 2 1 1 1 14 13 5 5 2 0 9 1 0 1 2

% killed 22.9 2 1 44.4 8.3 25 13.3 1 1 . 1 50 50 33.3 46.4 35.7 62.5 40 37.5 16.7 0 25 28.6
No. lsts killed 7 5 2 3 1 2 1 0 1 7 5 6 0 1 1 1 0 0 2

% killed 2 0 26.3 2 2 . 2 25 25 13.3 1 1 . 1 0 50 16.7 17.8 42.8 0 2 4.2 16.7 0 0 28.6
Overall 42.86 47.4 6 6 . 6 33.3 50.0 26.7 2 2 . 2 50 1 0 0 50 64.3 78.6 62.5 42 41.7 33.3 0 25 57

Site: KISS 81 KISS 82 KISS 83 m 82

Eggs/Q 1 1 0 1 1 17 18 1 2 3 4 5 6 7 8 1 0 1 2 4 5 1 2 3 4
n eggs 8 2 7 1 1 0 25 28 6 14 8 3 1 1 4 25 9 7 1 18 1 2 15 5
No. eggs killed 6 0 4 ' 0 8 1 2 14 3 8 4 3 0 0 3 18 6 7 0 9 4 1 1 4
% killed 75 0 57 0 80 48 50 50 57 50 1 0 0 0 0 75 72 67 1 0 0 0 50 33.3 73.3 80
No. lsts killed 0 0 1 0 0 4 5 0 5 1 0 0 1 1 3 2 0 1 4 3 2 1

% killed 0 0 14.3 0 0 16 17.9 0 35.7 12.5 0 0 1 0 0 25 1 2 2 2 . 2 0 1 0 0 2 2 . 2 25 13.3 2 0

Overall 75 0 71.4 0 80 64 67.8 50 92.7 62.5 1 0 0 0 1 0 0 1 0 0 84 88.9 1 0 0 1 0 0 72.2 58.3 8 6 . 6 1 0 0

Site: PM 83 PF 82 RIBB

Eggs/Q 1 2 3 4 5 7 1 2 3 5 6 7 8 9 1 1 1 2 1 2 3 4 6

n eggs 25 17 8 1 8 . 6 28 17 8 2 1 0 3 1 1 1 69 52 27 8 1

No. eggs killed 13 9 5 1 5 4 1 1 9 3 0 0 0 0 0 0 1 2 0 18 4 2 1

% killed 52 53 62 1 0 0 62 67 39.3 52.9 37.5 0 0 0 0 0 0 1 0 0 28.98 34.6 14.8 25 'lOO
No. lsts killed 5 3 1 0 0 0 1 1 4 2 1 0 0 2 0 0 0 4 1 1 7 0 0

% killed 2 0 17.6 12.5 0 0 0 39.3 23.5 25 50 0 0 6 6 0 0 0 5.8 2 1 . 1 25.9 0 0

Overall 72 70.6 75 1 0 0 62.5 67 78.6 76.4 62.5 50 0 0 6 6 0 0 1 0 0 34.3 55.7 40.7 25 16.7
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Appendix 53 •• Continued

Generalized lin ear modelling a n a ly s is  o f the e ffe c t o f  egg den sity  per quadrat on egg m ortality

Model
no.

Model Residual
variance

DF x2 DF Comparative model Probability

i NULL 134.7 60
2 DENSITY 129.4 59 5.3 1 DENSITY (ignoring site) 

1 - 2
.05

3 DENSITY + YEAR 117.2 57 1 2 . 2 2 YEAR (controlling for density) 
2-3

. 0 1

4 DENSITY + YEAR * YEAR. DENSITY 114.0 55 3.2 2 YEAR. DENSITY (controlling for 
density & year) 

3-4
NS

5 SITE 75.99 55 58.71 5 SITE
1-5

. 0 0 1

6 SITE + DENSITY 75.70 54 0.29 1 DENSITY (controlling for site) 
5-6

NS

7 SITE + DENSITY + SITE. DENSITY 72.7 49 3.0 5 SITE. DENSITY (controlling for site 
& density)

6-7
NS

8 DENSITY + YEAR +■ SITE 72.95 52 44.2 5 SITE (controlling for density & 
year)

3-8
. 0 0 1

2.75 2 YEAR (controlling for site & 
density)

6 - 8

NS

Generalized linear modelling analysis of the effect of egg density per quadrat on 1st instar mortality

Model
no.

Model Residual
variance

DF DF Comparative model Probability

i NULL 104.7 55
2 DENSITY 104.5 54 . 2 1 DENSITY (ignoring site year) 

1 - 2
NS

3 DENSITY + YEAR 98.78 52 5.72 2 YEAR (controlling for density) 
2-3

NS

4 DENSITY + YEAR + YEAR. DENSITY 94.86 50 3.92 2 YEAR. DENSITY (controlling for 
year & density) 

3-4
NS

5 SITE 93.87 50 10.83 5 SITE (ignoring year & density) 
1-5

NS

6 SITE + CENSITY 93.82 49 .05 1 DENSITY (controlling for site) 
5-6

NS

7 SITE + DENSITY + SITE. DENSITY 86.80 44 7.02 5 SITE. DENSITY (controlling for site 
S density)

6-7
NS

3 DENSITY + YEAR + SITE 84.90 47 13.88 5 SITE (controlling for density & 
year)

3-3
.05

8.92 2 YEAR (controlling for density S 
site)

6 - 8

.05



Appendix 53 : Continued

Gene rail i  zed lin e ar  modelling a n a ly s is  o f  the e f fe c t  o£ egg density  per quadrat on egg + 1st in sta r  m ortality

Model
no.

Model Residual
variance

DF x 2 DF Comparative model Probability

i NULL 149.1 60
2 DENSITY 145.3 59 3.8 1 DENSITY (ignoring site + year) 

1 - 2
NS

3 DENSITY + YEAR 133.3 57 1 2 2 YEAR (controlling for density) 
2-3

. 0 1

4 DENSITY + YEAR + YEAR. DENSITY 128.8 55 4.5 2 YEAR. DENSITY (controlling for 
year & density) 

3-4
NS

5 SITE 98.21 55 50.89 5 SITE (ignoring year s density) 
1-5

. 0 1

6 SITE + CENSITY 98.18 54 .03 1 DENSITY (controlling for site) 
5-6

NS

7 SITE + DENSITY + SITE. DENSITY 95.83 49 2.35 5. SITE. DENSITY (controlling for site 
& density)

6-7
NS

8 DENSITY + YEAR + SITE 92.12 52 41.18 5 SITE (controlling for density & 
year)

3-8
. 0 1

6.06 2 YEAR (controlling for density & 
site)

6 - 8

NS
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Appendix 54 : Disappearance associated with food depletion.
(Berkshire sites in 1983 excluding Kissing Gate)

.adium Ns Loge

Egg 350 5.8579

1st 228 5.4293

2nd 186 5.2257

3rd 167 5.1180

4th 151 5.0173

5th 129 4.8598

Pupa? 92 4.5179

Ke

0.4285

0.2035

0.1077

0.1007

0.1575

0.3419

1.34

Food deaths Non-food deaths

1 15

6 16

28 9

Larval size distribution at disappearance (5th instar)

Site: Ribb RM 83 F 83 HP 83

Length (mm)

Less than 24 Food present 7 0 0 2
No food 12 3 5 8

More than 24 Food present 12 0 0 6
No food 22 12 15 25



Appendix 55 : To compare for different sites the proportion of larvae making (x) successful plant to plant transfers

No. transfers

Proportion of mobile population + S.E.

Binfield 
n 31

Rush meadow 83 
22

Farm
23

Ribblesdale
48

Kissing gate 83 
16

Holyport 83 
31

0 a) Pupation? 
b) Unsuccessful

0.258 + .08 
0.322 + .08

0.136 + .07 
0.409 + .10

0.13 + .07 
0.22 + .09

0.417 + .07 
0.25 + .06

0.375 + .12 
0.25 + .11

0.516 + .09 
0.193 + .07

1 0.226 + .07 0.227 + .09 0.348 + .09 0.208 + .06 0.25 + .11 0.129 + .06

2 0.129 + .06 0.091 + .06 0.087 + .06 0.104 + .04 0.125 + .08 0.129 + .06

3 0 0.045 + .04 0 0.021 + .02 0 0.032 + .03

4 0.032 + .03 0 0.13 + .07 0 0 0

5 0.032 + .03 0.091 + .06 0.043 + .04 0 0 0

6 0 0 0.043 + .04 0 0 0

% making at least 
one transfer 42% 45.5% 65.3% 33% 37.5% 29.1%

459
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Appendix 56 : Site survivorship/mortality and site means for floaerstalk attributes.

Attribute
n

Site

1
x S.E. 

132
2

x S.E. 
29

3
x S.E. 

39
4

X
57

S.E.
5

x S.E. 
31

6
X

58
S.E.

No. of florets 17.3 1.18 13.86 1.17 17.4 1 . 2 15.3 1 . 1 13.9 .94 13.1 1 . 0
Dist. to NN 18.19 3.65 35.4 7.5 7.95 .94 17.4 3.31 1 1 . 8 2.4 17.8 6.9
Height (con) 29.7 0.83 31.17 1.31 26.7 1.48 35.1 1.05 31.8 1.5 26.0 .93
Inflor. No. 1.62 0 . 1 2 1 . 2 1 .09 1.28 .104 1.17 .09 1 . 1 .05 1.17 .06
Pis. in clunp 3.27 0.44 2.34 .52 2.94 .82 5.5 .69 19.8 2 . 8 7.5 .95
Pis. per quad. 6.63 .55 2.62 .55 6 . 6 .92 5.3 .49 10.4 1.4 3.6 .56
Oist. to edge 212.4 18.8 1 1 2 18.0 43.5 7.88 115.1 2 2 . 6 73.4 14.8 876.5 115
Eggs/Q 2.62 0.24 1.34 0 . 1 1.87 .14 2 . 1 .18 3.39 .45 2.44 .33
Dist. to NE 67.29 10.5 44.8 7.5 81.3 14.4 92.7 43.6 216.9 28.5
Eggs/FS 1.17 .05 1.08 .06 1.14 1.29 1.05 .04
Dist. edge c. 0.82 0.34 1.91 .82 5.7 .75
Dist. edge p. 212.4 18.8 876.5 115
Hedge 356.9 31.7 2869 247
Eggs/m .995 .44 .32 .05 .05
FS/rn 7.00 1.7 3.8 6 . 1 2 . 6 3.44
Instar 1.35 . 2 0 1.41 .39 1 . 0 . 2 2 1.36 .33 4.45 .33 1.37 . 2 0
% Sucv. (95% C.I.) 8.9 (4-16) 7.7 (3-21) 2.0 (5-11) 23.1 (12-36) 46.3 (30-62) 4.8 (2-14)
Total k 2.42 2.61 3.91 1.47 0.77 3.03
Egg k .739 1.43 .821 .84 .187 .490

Attribute
n

Site

7
X

132
S.E.

8
x S.E. 

84
9

x S.E. 
105

1 0
x S.E. 

52
1 1

x S.E. 
15

1 2
x S.E.

No. of florets 17.3 1 . 0 18.8 .77 16.7 .72 18.7 1.3 16.21 1.9
Dist. to NN 15.7 1 . 2 7.5 1 . 2 12.8 1.47 38.99 8.9 13.87 3.98
Height (cn) 45 0 . 8 32.7 .81 36.9 . 8 8 42.1 .91
Inflor. No. 1.4 0 . 1 1.4 .09 1.38 .07 1 . 2 1 .07
Pis. in clump 2 . 1 0 . 2 15.7 1 . 8 5.13 .73 2.3 .23 3.4 .54
Pis. per quad. 4.1 .24 9.7 0 . 8 7.3 .54
Dist. to edge 345.9 22.4 94.9 17.8 428.2 66.2
Eggs/Q 1.7 0 . 1 1 . 8 . 1 1 2.1 .15 1.80 .15 7.56 1.82 1.68 + .17
Dist. to NE 1103.1 14.4 70.8 1 0 . 8 69.9 9.2 86.4 17.0 29.3 9.9
Eggs/FS 1.19 1 . 0 2 . 0 2 1.09 1.33 .09 1 . 8 4.5
Dist. edge c. 6.7 1.75
Dist. edge p. 94.9 17.8
Eggs/ni 1.14 34 1.47
FS/nr 9.89 17 92 14.92
Instar 2.98 . 2 2.06 . 2 2 3.5 .31
% Surv. (95% C.I.) 33.8 (26-42) 16.3 8-26) 48.3 (37-59) 29.1 (19-40) 7.1 (2-23)
Ttotal k 1.09 1.81 .73 1.23 2.64
Egg k .337 .514 .477 .259 1.135 .197

1 = Kissing Gate 1982, 2 = Kissing Gate 1983, 3 = Rush Meadow 1982, 4 = Rush Meadow 1983, 5 = Farm 1983, 6 = Pond Field 
1982, 7 = Ribblesdale, 8  = Holyport 1982, 9 = Holyport 1983, 10 = Binfield 1981, 11 = Kissing Gate 1981, 12 = Holyport 
1981
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Appendix 57a : E ffect o f la rv a l  in sta r  on movement.

Instar: 3rd 4th 5th F(2 ,ll) Prob

n 4 5 5
TPtal distance moved (cm) X

max
5.13 + 1.7 

8.75
10.95 + 1.98 

16.0
21.55 + 6.1 

43
6.74* .025

Net distance moved (an) X
max

1.25 + .25 
2

3.6 + 0.8 
5

7.4 + 2.2 
15

5.93* .025

Number of direction changes X
max

6.25 + 1.9 
1 0

11.4 + 1.2 
14

9.0 + 1.8 
13

2.35 NS

Mean distance between turns (an) X
max

0.65 + .07 
0.79

0.87 + .11 
1.23

2.32 + .58 
4.12

8 .2 1 * . 0 1

Mean speed cm * sec  ̂larva * X

max
0 . 0 1  + . 0 0 1  

(n = 4) 
0.029

0.02 + .003 
(n = 5) 
0.058

0.038 + .009 
(n = 4)
0.15

5.41* .025

1) Means and S.E. are for untransfocmed
2) * = ANOVA performed on Lege (x + 1)

data.
transformed data

5ndix 57b : Effect of hunger level on 5th instar movement.

Treatment: Vfell fed Starved 1 day Starved 2 days F( 2 ,1 2 ) Prob

n 5 6 4
TPtal distance moved (an) X 21.55 +6.1 24.5 +5.3 35.5 + 4.5 1.54 NS
Net distance moved (cm) X 7.4 + 2.2 5.4 + 2.4 13.5 + 4.9 1.38 NS
Number of direction changes X 9 + 1.8 7.17 + .75 10.75 + 1.5 1 . 2 NS
Mean distance between turns (cm) X 2.3 + .58 2.91 + .45 3.07 + .35 .89 NS

MB 1) Means and S.E. are for untransfocmed data.
2) All AMOVA's performed on Loge (x + 1) transformed data
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Appendix 53 : Number o f days survived by pupae in the f ie ld .

( a )  F ra n  2 4 /7 /8 1

Treatment

Replicate

Density

Cne Three

1 2 1 2

Buried 0-104 0-104 0-104, 0-104, 0-104 0-104, 0-104, 0-104
Ground 2 3 3, 3, 3 2 , 2 , 2
Herb 234 63 262, 262, 262 57, 204, 262
Tree 63 262 3, 3, 3 137, 262, 262
Greenhouse 262 262 262, 262, 262 262, 262, 262

(b) Winter 1982/83

Treatment 

Repiicate

Density

Cne Four

1 2 3 1 2 3

Outside hedge 182 148 85 72, 72, 72, 72 148, 163, 182, 182 105, 10S, 105, 105
Sdge hedge low 3 27 182 17, 17, 8 , 17 17, 72, 72, 182 182, 182, 182, 182
Edge hedge high 17 17 17 17, 17, 17, 17 17, 72, 72, 72 37, 37, 85, 168
Inside hedge low 17 17 8 5, 5, 5, 2 17, 17, 17, 17 17, 55, 168, 72
Inside hedge high 17 17 17 17, 17, 17, 17 17, 17, 17, 17 15, 15, 15, 15
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Appendix 59 : Pooled seed survivorship data fo r  flo w ersta lk s.

a) Egg-free, Binfield 1981: a) assuming zero seed survived in pods with endoparasites,
b) showing seed pcesent at dissection.

Lx potential seed dx lege (lx) ke Mortality factor

32000
18208

10.3735
.8416 Shortfall in bud production.

13792
1614

9.5318
.1245 Pollination failure.

12178
114

9.4073
.0093 Lepidopteran larvae (excluding A.c.).

a) 12064
4320

9.3980
.4433 Internal seed feeders.

7744 8.9548

b) 12064
5704

9.3980
.6402 Size of pod depression, fertilization failure and 

feeders.
internal

6360
(Actual seed)

8.7577

b) Eqq infested, Binfield 1981: a) assuming zero seed survival in pods with endoparasites,
b) showing seed present at dissection.

Lx potential seed dx Loge (lx) ke Mortality factor

83200
52064

11.3290
.9829 Shortfall in bud production.

31136
5645

10.3461
. 2 0 0 0 Pollination failure.

25491
12051

10.1461
.6401 Anthocharis cardamines.

a) 13440
7264

9.5060
.7775 Internal seed feeders.

6176 8.7284

b) 13440
6622

9.5060
.6787 Size of pod depression, fertilization failure and internal

feeders.
6818

(Actual seed)
8.8273
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Appendix 59 : Continued

c) Egg-infested, Holyport 1982: a) assuning zero seed survival in pcds with endoparasites,
b) showing seed present at dissection.

Lx potential seed dx Lege (lx) ke Mortality factor

150304
103488

11.9204
1.1664 Shortfall in bud production.

46816
7112

10.7540
.1648 Rabbits.

39704
4368

10.5892
.1165 Pollination failure.

35336
4900

10.4726
.1492 Lepidopteran larvae.

30436
21168

10.3234
1.1891 Anthocharis cardamines.

a) 9268
1932

9.1343
.2337 Internal seed feeders.

7336
5294

8.9005
1.2788 Size of pod depression and fertilization failure.

2042 7.6217
Ke = 4.299 
S = 1.36% n = 1672 buds

b) 9268 9.1343
6667 1.2706 Size of pod depression, fertilization failure and internal

feeders.
2601 7.8636

Ke = 4.2987 
S = 1.73%

d) Bgg-free, Holyport 1982; a) assuning zero seed survival in pcds with endonarasites, 
b) showing seed present at dissection.

Lx potential seed dx Loge (lx) ke Mortality factor

85400
53900

11.3551
.9974 Shortfall in bud production.

31500
7196

10.3577
.2593 Pollination failure.

24304
4200

10.0984
.1897 Lepidoptecan larvae.

a) 20104
4032

9.9087
.2239 Internal seed feeders.

16072
11503

9.6848
1.2577 Size of pod depression and fertilization failure.

4569 8.4270
Ke = 2.93 
S = 5.35%

b) 20104 9.9087
1.2624 Size of pod depression, fertilization failure and internal 

feeders.
5689 8.6463

Ke = 2.71 
S = 6 .6 6 %
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Appendix 59 : Continued

e) Eqg-free, Push Meadow 1982: assuning zero seed survival in pods with endoparasites
•

Lx potential pods dx Ln (lx) ke Mortality factor

918
473

6.8222
.7241 Shortfall in bud production.

445
52

6.0981
.1243 Pollination failure.

393
152

5.9738
.4890 Lepidopteran larvae/slugs.

241
173

5.4848
1.2653 Internal seed feeders.

6 8 4.2195
Ke = 2 .,6027

f) Egg-infested, Rush Meadow 1982: assuning zero seed survival in pods with endoparasites

Lx potential pcds dx Ln (lx) ke Mortality factor

1107
380

7.0094
.4205 Shortfall in bud production.

727
6 8

6.5889
.0982 Rabbits.

659
42

6.4907
.0658 Pollination failure.

617
138

6.4249
.2532 Lepidopteran larvae/slugs.

479
242

6.1717
.7036 Anthocharis cardamines.

237
194

5.4681
1.7069 Internal seed feeders.

43 3.7612
Ke = 3.2482
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g) Egg-free, Kissing Gate 1982: assuming zero seed survival in pods with endoparasites

Appendix 59 : Continued

Lx potential pods dx Ln (lx) ke Mortality factor

2856 7.9572
1859 1.0525 Shortfall in bud production

997 6.9047
8 8 0.0924 Pollination failure.

909 6.8123
356 0.497 Lepidopteran larvae/slugs.

553 6.3153
444 1.624 Internal seed feeders.

109 4.6913
Ke = 3.2659

h) Bgg-infested. Kissing Gate 1982: assuming zero seed survival in pods with endoparasites

Lx potential pods dx Ln (lx) ke Mortality factor

4148
3093

8.3304 '
1.3691 Shortfall in bud production.

1055
67

6.9613
.0656 Pollination failure.

988
228

6.8957
.2624 Lepidopteran larvae/slugs.

760
357

6.6333
.6344 Anthocharis cardamines.

403
352

5.9989
2.0671 Internal seed feeders.

51 3.9318
Ke = 4.3986
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Appendix 60 : Relationship between pod length (mm), mean number of seeds per pod and maximum number of seeds per pod, 
Holyport 1982.

Bqq-bearinq plants

Pcd leng th  (mm) Frequency o f  pod s iz e Proportion Mean seeds per pod S.E. Maximum seeds per pod

3 1 5.1 x 10- 3 8 . 0 _ 8
4 3 . 0 1 2 . 0 0 . 6 3
5 7 .03 1.3 0 . 2 2
6 4 . 0 2 2.7 0 . 8 5
7 0 0 - -
8 7 .03 1.9 0.4 4
9 6 .03 0 . 8 0 . 2 1

1 0 4 . 0 2 2.5 1 . 2 6
1 1 5 . 0 2 4.4 1.4 1 0
1 2 5 . 0 2 5.0 1.0 8
13 8 .04 6 . 0 0.4 8
14 8 .04 4.1 0.9 7
15 9 .04 8 . 0 1 . 2 15
16 6 .03 7.3 0 . 6 9
17 9 .04 9.3 1.4 15
18 17 .09 9.2 0.9 19
19 6 .03 9.0 1.7 17
2 0 1 0 .05 1 1 . 8 1 . 2 18
2 1 1 0 .05 10.7 1 . 1 15
2 2 14 .07 14.9 0.7 19
23 1 2 .06 13.7 2.4 24
24 3 . 0 1 8.3 0.7 9
25 8 .04 12.7 1.0 17
26 7 .03 13.3 1.3 19
27 7 .03 13.6 1 . 2 23
28 2 . 0 1 2 0 . 0 1.4 2 1
29 4 . 0 2 18.2 3.8 23
30 6 .03 16.7 3.5 26
31 2 . 0 1 18.0 4.0 2 2
32 2 . 0 1 19.5 1.5 27
33 2 .005 27.0 0 2 1
34 2 . 0 1 26.5 1.5 28
35 0 0 - - -
36 8 . 0 1 20.5 6.5 27

G ontrols

Bsd leng th  (irm) Frequency o f  pod s iz e Proportion Mean seeds per pod S.E. Maximum seeds per pod

3 0
4 4 6 . 2  x 1 0 - 3 2.5 0.5 4
5 13 . 0 2 1 . 1 .14 2
6 18 .028 4.06 .07 1 1
7 13 . 0 2 2.54 .54 7
3 16 .025 3.06 .77 1 2
9 1 1 .017 2.91 .77 9

1 0 48 .075 5.41 .69 18
1 1 36 .056 5.44 .80 17
1 2 48 .075 4.98 .60 14
13 2 0 .031 4.70 .75 1 1
14 36 .056 6 . 8 .77 18
15 48 .075 6.73 .65 16
16 39 .061 8 . 2 .57 15
17 53 .082 9.55 . 6 8 23
18 57 .089 9.58 .67 2 0
19 2 2 .034 11.91 1 . 1 2 1
2 0 46 .071 9.79 .55 18
2 1 2 2 .034 11.45 1 . 1 2 0
2 2 24 .037 12.25 1.36 26
23 24 .037 13.79 1.17 26
24 7 . 0 1 1 12.7 2.15 19
25 15 .023 14.93 1.26 24
26
27

1 1
4

.017 , 
6 . 2  x 1 0

14.36
17.25

1.39
1.93

2 0
23

28 8 . 0 1 2 18.37 1.29 25
29 0 0
30 1 25
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Appendix 61 : The effect of flowerstalk density and distribution.

a) Bud production per stalk at start
Treatment means (untransformed) + (S.E.s)

D is t r ib u t io n : Sparse

Density:
Low
Medium 
High .

12.62 + 
13.08 + 
16.81 +

1.66
2.15
.70

Col. mean 14.17

2-way ANOVA on Lege (x + 1)
Stalk density ^  =
Stalk distribution F^ =
Interaction F-. ... =2,114

transformed data 
1.88, NS 
2.40, NS 

5.29, p < .01

A ggregated

12.40 + 1.99 
14.79 + 2.28
11.41 + 0.95

12.87

Row means

12.51
13.94
14.11

b) Proportion of florets per stalk damaged by slugs at start 
Treatment means (untransformed)

Distribution: Sparse n florets Aggregated n Row means

Density:'
Low .084 130 .117 104 . 1 0 1
Medium .192 385 .183 456 .187
High .301 770 .179 456 .240

Col. mean .192 .160 .176

2-way ANOVA on Arcsine transformed data 
Stalk density F2  = 12.95, p < .005
Stalk distribution F. ... = 0.98, NS1.114
Interaction F_ ... = 1.52, NS2.114

c) Proportion of stalks per replicate damaged by slugs at start 
Treatment means (untransformed)

Distribution: Sparse Aggregated Overall

Density:
Low .300 .35 .325
Medium .469 .458 .463
High .628 .372 .500
Overall .465 .393 .429

2-way ANOVA on Arcsine transformed data

Stalk density F^ = 2.62, NS
Stalk distribution F, ... = 0.52, NS1,114
Interaction F_ ... = 1.04, NS2,114'

d) Proportion of initial florets per replicate damaged by slugs at the end of the experiment 
Treatment means (untransformed)

Distribution: Sparse Aggregated Overall

Density:
Low .382 .356 .369
Medium .471 .486 .478
High .575 .491 .533
Overall .476 .44 .458

2-way ANOVA on Arcsine transformed data

Stalk density F2  ^ 4  = 3.13, NS
Stalk distribution F. e. = 0.27, NS 1 >54
In te ra c tio n = 0 .1 6 , NS
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Appendix 61 : Continued

e) Proportion of infertile pods produced per replicate 
Treatment means (untransformed)

D is tr ib u tio n : Sparse Aggregated O verall
D ensity:

Low .042 . 1 0 2 .072
Medium .069 .073 .071
High .048 .055 .051
O verall .053 .077 .065

2-way ANOVA on Arcsine transformed data 
Stalk density F̂  ^  = 0.44, NS
Stalk distribution F, = 0.2S, NS1.54
Interaction F- = 0.03, NS2.54

f) Proportion of fertile pods produced per replicate 
Treatment means (untransformed)

Distribution: Sparse Aggregated Overall
Density:
Low .403 .599 .501
Medium .531 .321 .426
High .467 .510 .488
Overall .467 .477 .472

2-way ANOVA on Arcsine transformed data 
Stalk density F̂  = 0.56, NS
Stalk distribution NS
Interaction F2 = 4.61, p < .05

g) Pod size distribution and 'estimated' seed productivity score

Mean of mean frequency per stalk Proportion

Treatment Pod size Pod size
Seed

productivity
score

S M L S M L

Low: sparse 
(n = 46 pods)

2 . 0 2 . 2 2 0 . 8 8 0.39 0.43 0.17 9.08

Aggreg.
(n = 69 pods)

3.22 2.89 1.56 0.42 0.38 0 . 2 0 13.68

Medium: sparse 
(n = 215 pods)

1.72 3.03 0.91 0.3 0.53 0.16 10.51

Aggreg.
(n = 182 pods)

3.03 2.7 0.78 0.46 0.41 0 . 1 2 10.77

High: sparse 
(n = 367 pods)

3.86 3.69 0.27 0.49 0.47 0.03 12.05

Aggreg.
(n = 227 pods)

1.76 2.79 0.80 0.33 0.52 0.15 9.75
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Appendix 61 : Continued
h) Infestation level on number of fertile pods per stalk 

Treatment means (untransforned)
Mean S.E. n = 10

Control Low Sparse 5.4 1 . 0 1
Aggregated 6.3 1.24

Medium Sparse 5.74 1.05
Aggregated 5.53 1.44

High Sparse 7.98 0.77
Aggregated 5.27 0.46

Experimental Low Sparse 0 . 1 1 0 . 1 0
Aggregated 1.30 0.94

Medina Sparse 1.39 0.79
Aggregated 0.72 0.35

High Sparse 1.25 0.49
Aggregated 0.96 0.27

3-way ANOVA on Loge (x + 1) transformed data 
Infestation F̂  1Qg = 130.2, “ = .00

i) Infestation level on number of infertile pods per stalk 
Treatment means (untransformed)

Mean S.E.
Control Low Sparse 0 . 6 0 . 2 2

Aggregated 1 . 2 0.73
Medium Sparse 0 . 6 6 0 .2 S

Aggregated 1.03 0.37
High Sparse 0.75 0.15

Aggregated 0.54 0.09

Experimental Low Sparse 0 . 0 0 . 0 0
Aggregated 0 . 2 0.13

Medium Sparse 0.05 0.05
Aggregated 0.08 0.07

High Sparse 0 . 2 1 0.15
Aggregated 0.07 0.09

3-way ANOVA on Lege (x + 1) transformed data 
Infestation F̂  igg = 44.05, a = .00

Infestation level on drv weiqht (q) of flowerstalk remaininq
Treatment means (untransformed)

Mean (g) S.E.
Control Low Sparse .296 0.08

Aggregated .259 0.04
Medium Sparse .167 0 . 0 2

Aggregated .24 0.05
High Sparse .248 0.03

Aggregated .167 0 . 0 2

Experimental Low Sparse .068 0.03
Aggregated .084 0.04

Medium Sparse .104 .03
Aggregated .108 .03

High Sparse .083 0 . 0 1
Aggregated .131 0 . 0 2

3-way ANOVA on Lege (x + 1) transformed data 
Infestation F̂  lgg =29, a = .00
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Appendix 61 : Continued

k) Infestation level on length (cm) o£ flcwerstalk remaining 
Treatment means (untransformed)

Mean (cm) S .E.
C ontro l Low Sparse

Aggregated
34.4
36.35

2.49
2.69

Medium Sparse
Aggregated

29.13
36.57

2.50
3.25

High Sparse
Aggregated

34.63
30.84

0.94
1.23

Experim ental Low Sparse
Aggregated

12.89
16.05

3.77
5.68

Medium Sparse
Aggregated

21.26
18.94

3.96
3.73

High Sparse
Aggregated

19.32
22.69

2.45
1.43

3-way ANOVA.on Loge (x + 1) transformed data 
Infestation F̂  ĝg =54.2, a = .00 
Density F2 1Qg = 5.58, p < .005
Interaction infestation.density F2  ^gg = 7.47, p < .0009

1 ) Mean of mean number of plantlet bearing nodes per flowerstalk
Mean S.E.

C ontrol Low Sparse 0.7 0.39
Aggregated 0 . 6 0.27

Medium Sparse 0.44 0.24
Aggregated 0.80 0 . 2 2

High Sparse 0.597 0 . 1 1
Aggregated 0.32 0.09

Experim ental Low Sparse 0.50 0.5
Aggregated 0 . 1 0 0.1

Medium Sparse 0.183 0 . 1 1
Aggregated 0.174 0.09

High Sparse 0 . 2 0 0.05
Aggregated 0.26 0.15

3-way ANOVA on Loge (x + 1) transformed data 
Infestation F̂  ^Qg = 7.76, p < .006

Residence time of larvae on the flowerstalk (days) 
Treatment means (untransformed)

Sparse Aggregated
Low
Medium
High

7.8 + 1.32 
8.0 + 0.94 
9.49 + 0.75

7.6 + 1.54 
8.43 + 1.10 
3.79 + 0.95

2-way ANOVA on Lege (x + 1) transformed data
Stalk density F2  ^ = 2.55, p < 0.087
Pattern ^1,54 = 0.07, NS
Interaction F2,54 = 0.257, NS
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Appendix 62a : Seed survivorship in low density Elowerstalks (n = 17).

Lx dx Lege ke Mortality
Max 1 47294 10.764

1.4542
Max 2 11046 9.3098

.6674
Max 3 5667

279
8.6424

.0505 Abortion
5388

959
8.5919

.1960 Lepidopteran larvae
4429

1307
8.3959

.3497 Rollination failure
(A) Seed in fertile pcds 3122

2302
8.0462

1.3369 Seed predators 6 fertilisation failure
Seeds present on dissection 820 6.7093

(B) 3122
2039

8.0462
1.0587 Seed predators

Potential seed in unattacked pods 1083
804

6.9875
1.3563 Fertilization failure

Seeds present 279 5.6312

(A) Ke = 1.9331 (s = 14.47% (of Max 3))
(B) Ke = 3.0112 (s = 4.92% (of Max 3))

Aopendix 62b : Seed survivorship in high density flowerstalks (n = 58).

Lx dx Lgge ke Mortality
Max 1 161356 11.9914

1.1407
Max 2 51573 10.8507

.6547
Max 3 26796

167
10.1960

.0063 Abortion
26629

5198
10.1897

.2171 Lepidopteran larvae
21431

8580
9.9726

.5114 Rollination failure
(A) 12851

9466
9.4612

1.3341 Seed predators & fertilisation failure
Seeds present on dissection 3385 8.1271

(B) 12851
9929

9.4612
1.4812 Seed predators

Potential seed in unattacked pods 2922
2364

7.980
1.6557 Fertilization failure

Seeds present 558 6.3243

(A) Ke = 2.0689 (s = 12.6% (of Max 3))
(B) Ke = 3.872 (s = 2.082% (of Max 3))
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Appendix 62c : Seed surv ivorsh ip  in uncut s t a lk s ,  high den sity  -  h alf treated (n = 27).

Lx dx ke Mortality
Max 1 75114 11.2268

1.6268
Max 2 14766 9.6000
Max 3 7835

286
8.9663

.0371 Abortion
7549

1713
8.9292

.2574 Lepidopteran larvae
5836

2284
8.6718

.4965 Pollination failure
(A) 3552

2852
8.1723

1.6212 Seed predators & fertilisation failure
Seeds present on dissection 700 6.5511

(B) 3552
1856

8.1723
0.7363 Seed predators

Potential seed in unattacked pods 1696
1439

7.4360
1.8869 Fertilization failure

Seeds present 257 5.5491

(A) Ke = 2.4152 (s = 8.9% (of Max 3))
(B) Ke = 3.4172 (s = 3.3% (of Max 3))

Appendix 62d : Results of t-tests on differences in proportional mortalities of flower buds at high and low density.

Density

Mortality Low High t
Prob.

Half t
Prob.

a P n P to s Hi a P Hi & Half

Overall 325 .8092 1608 .8912 3.54 .005 494 .751 6.69 .005
Abortion .049 .0062 3.54 .005 .036 3.46 .005
Lepidopteran larvae .169 .194 1.09 NS .219 1.19 NS
Pollination failure .231 .320 3.4 .005 .259 2 . 6 8 .005
Endopredators .36 .37 NS .237 5.88 .005
Seed predators damage to fertile pods 179 .654 771 .773 3.08 .005 224 .522 6.85 .005

Sirmiary of means at Harvest 1 for controls
Density Dow High _t Prob.

(n = 17) (n = 60)
Seed per flowerstalk 
(total on dissection)

48.23 4- 7.88 56.4 4- 6.34 NS

Fertile pods/stalk 10.529 4* 1.35 12.85 + .92 1.42 NS
Infertile pcds/stalk 4.41 4- .677 8.53 + .763
Mean florets/stalk 19.12 4- 2.04 26.8 + 1.7 2.89 .006
Inflorescences/stalk 1.47 4* .17 2.05 4- .17 2.34 .023

473.58 + 30.47Flowerstalk dry wt 350.2 42.4 2.36 .024
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Appendix 63a : Effect of cutting treatment and harvesting date on assessment of fertile pod production in high density 
stalks.

Treatment Me am S.E.

Harvest 1
1) Control 12.85 .843
2) All cut 0 . 2 0 0 . 1 1
3) Half cut 3.73 .63

i) Cut 0 . 0 0 0 . 0 0
ii) Uncut 8.29 0.758

Harvest 2
1) Control 8.52 .684
2) All cut 0 . 0 0 . 0 0
3) Half cut 2.90 .647

2-way ANOVA on Lege (x + 1) transformed data
Treatment F2,3S4 = 273.77, P <
Harvest Fl,354 = 8.129, P <
Interaction F2,354 = 0.89, NS

Appendix 63b : Effect of cutting treatment on fertile pod production in low density stalks.
Treatment Mean
1) Control 10.53
2) Cut .00

1-way ANOVA on Loge (x +• 1) transformed data 
Treatment F̂  ^  = 425.50, p < .005

S.E.
1.346

.00

Appendix 63c : Effect of cutting treatment on seed production per flowerstalk in high density, harvest 1, plants.
Treatment n Mean S.E.
1) Control 60 56.40 6.34
2) All cut 60 0 . 0 0 0 . 0 0
3) Half cut 60 11.67 2.27

i) Cut 33 0 . 0 0 0 . 0 0
ii) Uncut 27 25.93 2.30

1-way ANOVA on Loge (x + 1) transformed data 
Treatment ^ 7 7  = 166.30, p < .005

Appendix 63d : Effect of cutting treatment on seed production per flcwecstalk in low density, harvest 1, plants.
Treatment n Mean S.E.
1) Control 17 48.23 7.95
2) Cut 17 0 . 0 0 0 . 0 0

1-way ANOVA on Lege (x + 1) transformed data 
Treatment F̂  ^  = 303.74, p < .005

Appendix 63e : Effect of cutting treatment and harvesting date on length growth of Elowerstalks at high density.
Treatment Mean S.E.

Harvest 1
1) Control 7.258 0.72
2) All cut 0.067 0.63
3) Half cut 1.375 0.28

Harvest 2
1) Control 3.933 0.51
2) All cut 1.625 0.34
3) Half cut 3.000 0 . 6 6

2-way ANOVA on change in length
Treatment F2 .J5 4  =39.54, p < .005
Harvest F, = 0.011, NS1,354

= 13.29, p < .005In teraction  F.
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Appendix 64a : Effect of cutting treatment and harvest date on stalk weight per flowerstalk (dry weight mg) for high 
density stalks.

Harvest 1 Harvest 2 Treatment
Control 474 293 383
Half cut 282 271 276
All cut 272 241 257

Harvest means 343 268 305

Pooled S.D. = 171 
2-way ANOVA

Treatment F_2.354
Harvest F^ ^54

Interaction F_2.354

18.93, P < .001

17.06, P < .001

8.74, P < .001

Appendix 64b : Effect of cutting treatment on stalk weight per flowerstalk (dry weight mg) for low density stalks.

Treatment n Mean S.E.

1) Control 17 350 42.44
2) Cut 17 284 27.40

1-way ANOVA

Treatment Fj 22 = 1.69, NS

Appendix 64c : Effect of cutting treatment on stalk weight per plant (dry weight mg) for high density, harvest 2 plants

Treatment Mean S.E.

1) Control 576 61.58
2) Half cut 397 29.95
3) All cut 389 43.50

1-way ANOVA

Treatment F^ ^  = 5.06, p < .005

Appendix 64d : Effect of cutting treatment on rosette foliage weight per plant (dry weight mg), high density, harvest 2

Treatment Mean S.E.

1) Control 86.6 13.80
2) Half cut 76.7 10,71
3) Cut 46.1 8.13

1-way ANOVA

Treatment ^77 = 3.60, p < .05

Appendix 64e : Effect of cutting treatment on total root weight per plant (dry weight mg), high density, harvest 2.

Treatment Mean S.E.

1) Control 573 67.9
2) Half cut 443 41.57
3) All cut 483 41.96

1-way ANOVA

Treatment F^ = 1.64, NS

Appendix 64f : Effect of cutting treatment on root:shoot ratio of plants.

Treatment Mean total shoot wt. S.E. Mean root/shoot S.E.
1) Control 662.21 63.13 0.931 0.078
2) Half cut 474.15 33.82 1.053 0.092
3) All cut 434.81 46.09 1.407 0.107

1-way ANOVA Loge (x + 1) transformed data 

Treatment F2 ^  = 9.32, p < .005
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Appendix 65 : Proportion of florets killed on high and low density stalks, 
Warfield 1982.

Mortality factor
Low density 

N = 806

Proportion !<

High density 
N = 1413

billed

t Significance

Bud abortion 0.0298 0.0156 2.08 .025

Lepidopteran larvae 0.0211 0.0049 3.004 .005

Pollination failure 0.2878 0.2491 1.97 .025

Internal seed feeders 
(presence = pod death)

0.0099 0.1465 13.62 .005

Total survivorship 0.6514 0.5839 3.169 .005
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Appendix 66 : Pooled seed survivorship data.
Warfield 1982: a) assuming zero 

dissection.
seed survival in pods with endoparasites, b) showing seed present

(a) Low density flcwerstalks
Lx potential seed dx Lege (lx) ke Mortality factor

81000
59238

11.3022
1.3143 Shortfall in bud production

21762
648

9.9879
.0302 Bud abortion

21114
459

9.9577
.0220 Lepidopteran larvae

20655
6264

9.9357
.3613 Pollination failure

(a) 14391
216

9.5743
.0151 Internal seed feeders

14175
5700

9.5592
.5143 Size of pod depression and fertilization failure

8475 9.0449

Ke = 2.2573 
S = 10.46%

(b) 14391
5879

9.5743
.5251 Size of pod depression, fertilization failure 

feeders
and internal

8512 9.0492

Ke = 2.253 
S = 10.51%

(b) High density flowerstalks
Lx potential seed dx Loqe (lx) ke Mortality factor

81000
42849

11.3022
.7528 Shortfall in bud production

38151
594

10.5493
.0157 Bud abortion

37557
189

10.5336
.0050 Lepidopteran larvae

37368
9504

10.5286
.2935 Pollination failure

(a) 27864
5589

10.2351
.2239 Internal seed feeders

22275
13655

10.0112
.9493 Size of pod depression and fertilization failure

8620 9.0618
Ke = 2.24 
S = 10.64%

(b) 27864
17106

10.2351
.9517 Size of pod depression, fertilization failure 

feeders
and internal

10758 9.2834
Ke = 2.0186 
S = 13.28%
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Appendix 67 : Pooled seed survivorship data, 

a) Low density control flowerstalks
Lx potential seed dx Loqe (lx) Ke Mortality factor

36000 10.4913
23680 1.0723 Shortfall in bud production

12320 9.4190
300 .0247 Bud abortion

12020 9.3943
960 .0832 Rabbits

11060 9.3111
320 .0294 Lepidopteran larvae (excl. A.c.)

10740 9.2817
2900 .3147 Slugs

7840 8.9670
160 .0206 Pollination failure

7680 8.9464
1700 .2502 Internal seed feeders

5980 8.6962
4391 1.3254 Size of pod depression and fertilization failure

1589 7.3708

High density control flowerstalks
Lx potential seed dx Loqe (lx) Ke Mortality factor

58800 10.9819
37080 0.9959 Shortfall in bud production

21720 9.9860
300 0.0139 Bud abortion

21420 9.9721
420 0.0198 Rabbits

21000 9.9523
60 0.0029 Lepidopteran larvae

20940 9.9494
10340 0.6308 Slugs

10600 9.2686
260 0.0248 Pollination failure

10340 9.2438
7440 1.2713 Internal seed feeders

2900 7.9725
1881 1.0459 Size of pod depression and fertilization failure

1019 6.9266
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Appendix 67 : Continued

Low density sprayed flowers talks

Lx potential seed dx Loqe (lx) Ke Mortality factor

34800 10.4574
22280 1.0223 Shortfall in bud production

12520 9.4351
200 0.0161 Bud abortion

12320 9.4190
440 0.0364 Rabbits

11880 9.3826
20 0.0017 Lepidopteran larvae

11860 9.3809
4980 0.5445 Slugs

6880 8.8364
80 0.0117 Pollination failure

6800 8.8247
1120 0.1799 Internal seed feeders

5680 8.6447
4124 1.2946 Size of pod depression and fertilization failure

1556 7.3501

High density sprayed flowers talks

Lx potential seed dx Loqe (lx) Ke Mortality factor

55200 10.9187
34180 0.9655 Shortfall in bud production

21020 9.9532
360 0.0173 Bud abortion

20660 9.9359
160 0.0077 Rabbits

20500 9.9282
60 0.0030 Lepidopteran larvae

20440 9.9252
10340 0.7049 Slugs

10100 9.2203
60 0.0060 Pollination failure

10040 9.2143
4060 0.5181 Internal seed feeders

5980 8.6962
3696 0.9625 Size of pcd depression and fertilization failure

2284 7.7337
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Appendix 67 : Proportion of florets killed.

e) High and low density control stalks
Mortality factor Proportion killed

Lew density 
N = 616

High density 
N = 1086

t Significance

Bud abortion 0.0243 0.0138 1.48 NS
Babbits 0.0779 0.0193 5.05 ***

Lepidopteran larvae 0.0260 0.0028 3.51 ***

Slugs 0.2353 0.4760 10.57 ***

Pollination failure 0.0167 0.0173 0.07 NS
Internal seed feeders 0.1380 0.342S 10.219 ***

f) High and low density sprayed stalks
Mortality factor Proportion killed

Low density 
N = 626

High density 
N = 1051

t Significance

Bud abortion 0.0160 0.0171 .175 NS
Rabbits 0.0351 0.0076 3.513 ***

Lepidopteran larvae ' 0.0016 0.0028 0.526 NS
Slugs 0.3978 0.4919 3.815 ***

Pollination failure 0.0048 0.0038 0.295 NS
Internal seed feeders 0.089 0.193 6.211 ***
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Appendix 67 : Proportion of buds, flowers and fertile pods killed on high and low density.

g) Control stalks
Stage Mortality factor Proportion killed

Low density 
N = 616

Ke High density
N = 1086

Ke t Significance

BUD Abortion .0243
Rabbits .0097
Lepidopteran larvae .0195
Slugs .1201

.0138

.0193

.0018

.2127
Subtotal .174 .1908 .2477 ,2846 3.66

FLCWER Rabbits .0114
Lepidopteran larvae .0065
Slugs .0325
Pollination failure .0130

.0000

.0000

.0598

.0120

Subtotal .063 .0797 .0718 .1003 .702 NS

FERTILE PODS Rabbits
Lepidopteran larvae 
Slugs
Internal feeders

.0568 .0000

.0000 .0009

.0828 .2035

.1380 .3425
Subtotal .2776 .4523 .5470 1.6286 11.48

h) Sprayed stalks

Stage Mortality factor Proportion killed
Low density 

N = 626
Ke High density

N = 1051
•Ke t Significance

BUD Abortion .0160
Rabbits .0032
Lepidopteran larvae .0016
Slugs .1102

.0171

.0000

.0028

.1446
Subtotal .1310 .1404 .1646 .1799 1.90

FLCWER Rabbits .0032
Lepidopteran larvae .0000
Slugs .0591
Pollination failure .0064

.0000

.0000

.1132

.0028
Subtotal .0687 .0823 .1161 .1496 3.35

FERTILE PODS Rabbits .0287
Lepidopteran larvae .0000
Slugs .2284
Internal feeders .0894

.0076

.0000

.2341

.1931

Subtotal .3466 .5676 .4348 .9276 3.61



4 3 2 .

Appendix 67 : Proportion of florets killed.

i) Control and sprayed low density floerstalks 

Mortality factor Proportion killed
Control Insecticide t Significance
N = 616 N = 626

Bud aPortion .0243 .0160 1.04 NS
Rabbits .0779 .0351 3.276 ** *
Lepidopteran larvae .0260 .0016 3.695
Slugs .2353 .3978 6.256 + **
Pollination failure .0167 .0048 2.032 *
Internal seed feeders .1380 .0894 2.698 ***

j) Control and sprayed high density flowerstalks

Mortality factor Proportion killed

Control Insecticide t Significance
N = 1086 N = 1051

Bud abortion .0138 .0171 .618 NS
Rabbits .0193 .0076 2.36 ★ ★
Lepidopteran larvae .0028 .0028 .054 NS
Slugs .4760 .4919 .7354 NS
Pollination failure .0173 .0038 3.076 ***
Internal seed feeders .342 .193 7.93

Aopendix 67 : Death risk for buds, flcwersi and fertile pods.

k) Control and sprayed low density stalks

Staqe Proportion killed

Control Sprayed t Significance
N = 616 N = 626

BUD .174 .1310 2.110 * + *

FLOWER .063 .0687 .405 NS
FERTILE PODS .2776 .3466 2.63

1) Control and sprayed high density stalks
Staqe Proportion killed

Control Sprayed t Significance
N = 1086 N = 1051

BUD .2477 .1646 4.778 ***
FLOWER .0718 .1161 3.513 ***
FERTILE PODS .5470 .4348 5.220 ***
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a) Mean seed production per flcwerstalk 
Treatment means (untransformed)

Appendix 63 : The effect of slug and rabbit grazing.

Treatment Mean S.E.

Both absent 62.54 19.2
Slug present 7.84 6 .2
Rabbit present 20.40 3.9
Both present 9.63 7.5

2-way ANQVA on Loge (x + 1) transformed data

Rabbit Fl ,12 = °‘69' NS
Slug Fl ,12 - 12-33' p < .005
Interaction Fl ,12 °-62' NS

b) Shoot survivorship
Treatment means (untransformed proportion)

Treatment Mean S.E.
Both absent 0.64 0.21
Slug present 0.47 0.16
Rabbit present 0.42 0.05
Both present 0.18 0 .12

2-way ANOVA

Rabbit

Slug
Interaction

on Arcsin transformed data

Fl,,12 = 2.82, NS

Fl,,12 = 3.02, NS

Fl,,12 = 0 , NS

c) Pcd survivorship
Treatment means (untransformed)

Treatment Mean S.E.

3oth absent .41 .09
Slug present .24 .09
Rabbit present .14 .03
Both present .06 .04

2-way ANOVA on Arcsin transformed data

d) Mean seed production per surviving pod 
Treatment means (untransformed)

Treatment Mean S.E.
Both absent 7.93 0.93
Slug present 1.22 0.97
Rabbit present 8.21 2.16
Both present 3.47 2.30

2-way ANOVA on Loge

Rabbit

Slug

Interaction ^

(x + 1) transformed data 

0.246, NS 

12.8 , p < .005

0.42, NS
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Appendix 69a : Highest count of seedling rosettes and flcwerstalks, germination experiment 1981-82.

Treatment Rosettes Mean (+ S.E.) Stalks Mean (+ S.E.)

Sown

Dug - 150, 162 156 + 6 2, 62 32 + 30
+ 58, 158 108 + 50 108, 50 38.5 + 31.5

J.I - 98, 126 112 + 14 12, 37 24.5 + 12.5
+ 56, 131 93.5 + 37.5 2, 14 8 + 6

Cut - 0, 9 4.5 + 4.5 0, 5 2.5 + 2.5
4* 13, 3 3.0 + 5.0 3, 0 1.5 + 1.5

Nat - 0 , 0 0 + 0 0 , 0 0 + 0
2 , 1 1.5 + 0.5 0 , 0 0 + 0

Unsown

Dug - 7, 10 8.5 + 1.5 0 , 2 1 + 1
4* 3, 4 3.5 + 0.5 1, 0 0.5 + 0.5

j .i - 0 , 12 6 + 6 0 , 0 0 + 0
4- 0, 9 4.5 + 4.5 0 , 0 0 + 0

Cut - 0 , 0 0 + 0 0 , 0 0 + 0
4- 0, 3 1.5 + 1.5 0, 3 1.5 + 1.5

Nat - Oo
0 + 0 O o 0 + 0

4- 8 , 3 8 + 0 2, 4 3 + 1

Appendix 69b : Effects of seed input substrate and molluscs on germination (maximum single occasion count) 1981-82. 
3-way ANOVA (loge (x + 1) transformed)

Source S.S. df M.S. F Prod.

Sewn A 23.84 1 23.84 33.54 .000

Slug B 1.15 1 1.15 1.62 .221

Substrate C 41.55 3 13.85 19.49 .000

Interaction AB .13 1 .13 .176 .680
AC 20.19 3 6.73 9.47 .001
EC 5.66 3 1.89 2.65 .084
ABC .78 3 .26 .364 .780

Res idual 11.37 16 .71

Total . 104.67 31 3.38

Appendix 69c : Effect of seed input, substrate and molluscs on 1st year flcwerstalk production (maximum single occasion 
count) 1981-32.
3-way ANOVA (loge (x + 1) transformed)

Source S.S. df M.S. F Prob.

Sown A 13.10 1 13.10 18.96 .0005

Slug B 0.77 1 0.77 1.114 .307

Substrate C 14.11 3 4.70 6.809 .004

Interaction AB 0.45 1 0.45 0.654 .431
AC 16.93 3 5.64 8.17 .002
BC 2.67 3 0.89 1.29 .313
ABC 2.78 3 0.93 1.34 .296

Res idual 11.05 16

Total 61.87 31 2.00
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Appendix 69d : Changes in environmental and biotic variables with nuubec of days after sewing.

Percentage cover for disturbed soil plots, excluding C. pratensis 1981-82

Treatment Sown Unsown

Date Means !Xxg J.I CXjg J I

13.11 56.16 66.5 49.5 52.8 100 80.75 22.5 21 56.25 40 34.3 69.3 27.6 60 24.75 25 14.85
1 .12 33.91 40 27 35 7 90.25 10 14 48 25 30 60 45 50 20 15 4.8
4.1 40.61 73.6 18 44 34 90.25 20 18 27 60 60 60 44.5 50 60 30 20
26.1 34.87 52 18 56 12 76 4 36 25 57 80 66.5 47.5 55 70 20 9.5
22 .2 27.91 16.5 32 42 11 76 3 19.8 18 30 15 60 40 50 8 20 1
22.3 30.5 * 28 47.5 30 72 3.75 20 12.5 9.5 25 40 30 25 * 30 1
12.4 37.53 38 24 57 59.5 72.25 5 27 17.5 0 25 50 30 25 5 33 1
28.4 35.66 32 35 66.5 12 76.5 8 25.5 29.75 0 30 50 50 40 4 25 1
10.5 39.56 42 40 72 30 76.5 5 24 27 0 25 70 40 50 0 30 5
26.5 38.16 32 48 63 35 71.25 4 30 22 0 20 50 60 50 15 40 .5

Average height of vegetation (an) 1981-82

Treatment Sown Unsown

Date Mean 
(n = 16) - - • + + - - + - - + - - + +

13.11 6.31 8 2 4 1 8 2 2 8 11 12 6 3 11 9 5 9
1.12 3.94 ' 4 2 3 1 6 2 1 3 7 11 4 1 4 5 3 6
4.1 ' 4.56 8 2 5 3 4 2 2 3 4 7 7 2 4 6 4 10

26.1 3.06 4 1 5 1 2 2 2 1 5 4 5 1 3 5 2 6
22.2 3.19 2 1 5 1 2 3 3 3 3 8 4 1 3 3 3 6
22.3 4.53 7 2 8 3 3 3 3 3 4 8 7 2 4 M 3 8
12.4 6.56 10 8 10 10 4 5 3 3 4 12 10 3 3 5 3 12
28.4 8 9 18 8 18 7 11 2 5 6 6 8 2 3 5 2 18
10.5 3.7 8 18 8 22 4 12 4 3 6 8 7 2 4 6 4 18
26.5 16 15 20 13 20 5 25 5 15 15 15 13 13 10 20 15 37

Proportion of Dicots in disturbed plots 1981-82

Treatment
Sown Unsown

Dug J I Dug J X

Date Mean 
(n = 16) - - + + - - + + - - + + - - + +

13.11 54.4 50 90 50 90 30 65 50 80 50 50 50 80 10 25 60 40
1.12 45 50 90 50 90 10 40 50 40 50 40 50 70 10 10 30 40
4.1 41.9 10 90 50 90 10 70 50 55 60 40 30 55 10 10 20 20
26.1 45.94 40 90 50 90 40 90 50 70 30 20 60 70 5 10 10 10
22.2 49.1 50 80 40 90 50 90 50 60 40 10 60 50 5 40 20 50
22.3 42 30 70 10 90 40 95 40 60 30 20 20 50 10 M 40 25
12.4 40.6 10 80 10 90 40 90 40 60 20 20 10 50 10 50 20 50
28.4 46.56 30 50 10 90 50 95 40 70 50 50 30 50 10 50 50 20
10.5 45 40 60 20 80 20 90 40 50 50 50 30 60 10 50 40 30
26.5 59.4 50 80 50 90 50 95 50 90 70 50 50 90 10 25 50 50
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Appendix 69d : Continued

Total percentage cover for disturbed soil plots 1981-32

Sown Unsown

&jg J .1 Cug J I

Date Mean 
(n = 16) - - + + - - 4- 4- - - + 4- - - + 4-

13.11 54.4 95 90 60 80 95 45 30 75 40 35 70 30 60 25 25 15
1.12 47.2 80 90 50- 70 95 40 20 60 25 30 60 45 50 20 15 5

16.12 80 90 60 80 99 40 50 70 70 70 60 60 50 40 40 10
4.1 55.3 80 60 55 85 95 50 30 45 60 60 60 45 50 60 30 20

26.1 58.75 80 90 70 60 95 40 40 50 60 80 70 50 55 70 20 10
22 .2 41.19 30 80 60 55 95 40 33 40 30 15 60 40 50 10 20 1
22.3 35.4 70 50 50 90 25 25 25 10 25 40 30 25 M 30 1
12.4 38.7 40 80 60 70 85 25 30 35 25 25 50 30 25 5 33 1
28.4 42.25 40 70 70 60 90 40 30 35 40 30 50 50 40 5 25 1
10.5 44.1 60 80 80 60 90 25 30 30 25 25 70 40 50 5 30 5
26.5 46.6 40 80 70 70 95 40 40 40 30 25 50 60 50 15 40 1

Contribution by C. pratensis to total cover (%)

Sown Unsown

date - - + 4* - - 4- * - - 4- 4- - - 4- +

13.11 30 45 12 80 15 50 30 25 0 2 l 8 0 1 0 1
1.12 50 70 30 90 5 75 30 20 0 0 0 0 0 0 0 4
4.1 8 70 20 60 5 60 40 40 0 0 0 1 0 0 0 0
26.1 35 80 20 80 20 90 10 50 5 0 5 5 0 0 0 5
22.2 45 60 30 80 20 80 40 55 o o 0 0 0 20 0 0
22.3 15 60 5 40 20 85 20 50 5 0 0 0 0 M 0 0
12.4 5 70 5 85 15 80 10 50 0 0 0 0 0 0 0 0
28.4 20 50 5 30 15 80 15 50 0 0 0 0 0 20 0 0
10.5 30 50 10 50 15 80 20 10 0 0 0 0 0 5 0 0
26.5 20 40 10 50 25 90 25 45 0 20 0 0 0 0 0 50

Moisture content score o£ disturbed plots 1981-32
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Sightings of snails (N) and slugs (L) for disturbed plots 1981-82

Appendix 69d : Continued

Weather data Silwod 20.7.81-26.5.82

Sample Dates Max. + S.E. Min. + S.E. Mean + S.E. MM + S.E. Grass Min. + S.E.

38 14.8 -20.9 21.34 .42 9.82 .50 15.53 .34 1.98 .87 6.32 .64
17 21.9 - 7.10 16.37 .52 7.82 .60 12.25 .48 3.47 1.46 5.43 1.05
18 8.10-27.10 11.03 .59 3.80 .81 7.74 .65 2.39 .78 .74 .95
17 28.10-13.11 11.18 .67 3.51 1.09 7.751 .94 0.52 .26 1.35 1.39
18 14.11- 1.12 10.32 .69 4.40 .81 7.53 .76 1.88 .59 .97 1.11
33 2.12- 4.1 4.27 .69 -1.34 .93 1.01 .67 2.95 .84 -3.48 .39
23 5.1 -26.1 5.09 .92 -2.41 1.16 .63 1.21 1.23 .52 -4.28 1.13
26 27.1 -22.2 8.32 .57 2.45 .69 5.85 .58 0.96 .36 -1.52 .68
26 23.2 -22.3 8.56 .46 .60 .56 5.43 .41 2.72 .66 -1.41 .85
19 23.3 -12.4 13.07 .79 2.51 .97 7.84 .61 0.87 .38 -1.96 .95
15 13.4 -28.4 15.4 .31 3.02 .64 9.35 .36 0 0 -3.34 .65
12 29.4 -10.5 12.46 .50. 1.56 .55 6.83 .46 2.87 1.6 -2.33 .84
15 11.5 -26.5 19.38 .86 7.57 .69 13.7 .40 1.47 .59 3.52 1.26

Appendix 69e : Seedling rosette counts for disturbed soil plots, 1981-82.
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Appendix 69e To show number of rosettes present in indiv
idual plots at intervals after sowing date, 
pond Field Germination Experiment 1981 - 1982.

Notes: at 10 days zero germination; at 24 days seedlings 
present but species unidentifiable. First flower stalks 
appeared after 216 days.

PLOTS SHOWN WERE ALL SOWN PLOTS.
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Appendix 69f : Pooled post-dispersal seed survivorship data for bare soil treatments, Pond Field 1981-33.

a) Sewn plots 
CXxf-over

Lx dx Loqe (lx) ke Mortality

Estimated seed pool 
(see text)

2463
1671

7.8091
1.1345 Germination failure

Rosettes 792
459

6.6746
1.2236 Rosette death 1

333
274

5.8081
1.7306 Rosette death 2

59 4.0775
Ke = 3.7316 S = 2.395%

John Innes
Lx dx Lcqe (lx) ke Mortality

Seed pool 2356
1711

7.7647
1.2954 Germination failure

645
402

6.4692
.9761 Rosette death 1

243
218

5.4931
2.2742 Rosette death 2

25 3.2189

Ke = 4.5458 S = 1.0611%

Rosette death 1 =■ death prior 
Rosette death 2 = death prior

to peak flowering week Yr 
to second year flowering

1 (28.4.82)

b) Unsown plots

CXiq-over

Lx dx Loqe (lx) ke Mortality

Seed pool 146
98

4.9836
1.1124 Germination failure

48
33

3.8712
1.1631 Rosette death 1

15
6

2.7080
.5108 Rosette death 2

9 2.1972

Ke = 2.7864 S = 6.16%

John Innes

Lx dx Loqe (lx) ke Mortality

Seed pool 157
116

5.0562
1.3426 Germination failure

41
29

3.7136
1.2287 Rosette death 1

12
12

2.4849
2.4849 Rosette death 2

Ke = o O  S = 0%

0
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Appendix 69f : Pooled post-dispersal seedling survivorship data for established sward. Pond Field 1981.

a) Sewn plots
Cut Lx dx Lcqe (lx) ke Mortality

Minimum seed 2200 7.6962
4.4773 Germination failure & rosette death 1

Rosettes at peak flowering Yr 1 ' 25
14

3.2189
.8210 Rosette death 2

Rosettes Yr 2 11 2.3979

Ke = 5.2983 S (max) =0.5%

Natural Lx dx Lcqe (lx) ke Mortality

Minimum seed 2200 7.6962
6.5976 Germination failure & rosette death 1

Rosettes at peak flowering Yr 1 3
3

1.0986
1.0986 Rosette death 2

Rosettes Yr 2 0

Ke = <=*D S = 0%
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Appendix 69q : FOst-dispersal seed survivorship data for germination experiment, Fond Field 1981-33.

Sown Unsown

Treatment &jg J.I Qjg J.I

- - + + - - + + - - + + - - + 4-

Estimated seed 599 595 674 595 588 582 604 582 46 64 18 18 < 4 80 < 4 69

Total germination 220 236 98 238 160 185 115 185 15 21 6 6 0 22 0 19

Rosettes at peak 
1 yr flowering 51 125 35 122 43 93 19 88 7 7 1 0 0 12 0 0

No. flowerstalks 
initiated yr 1 21 62 7 70 12 37 2 21 0 3 1 0 0 0 0 0

Rosettes yr 2 3 34 3 19 4 12 0 9 0 3 0 6 0 0 0 0

Flowerstalks yr 2 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0

Sown Unsown

Treatment Cut Natural Cut Natural

- - + + - - + + - - + - - + +

Estimated seed < 2200 600 584 733 < 2200 < 2200 880 2200 < 73 < 73 < 73 218 < 73 < 73 607 607

total germination 
from 1981 seed 0 9 13 3 0 0 2 1 0 0 0 3 0 0 8 3

Rosettes at peak
1 yr flowering

No. flowerstalks 
initiated yr 1 0 5 3 0 0 0 1 0 0 0 0 3 0 0 2 4

Rosettes yr 2 0 0 6 5 0 0 0 0 2 1 0 5 0 0 0 0

Minimum estimate 
of yr 2 recruitment 0 0 4 5 0 0 0 0 2 1 0 2 0 0 0 0

Survivors frcm yr 1 0 0 2 0 0 0 0 0 0 0 0 3 0 0 0 0

Flowerstalks yr 2 0 0 0 2 0 0 1 0 0 1 0 5 0 0 0 0
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Appendix 70a : Effects of seed input, substrate and molluscs on germination success, 1982-83. 
3-way ANOVA (Loge (x + 1) transformed)

Source s.s. df M.S. F Prob.

Sown A 17.49 1 17.49 62.97 0.000

Slugs B .11 1 .11 .382 .54
Substrate C 25.99 1 25.99 '93.56 .00

Interaction AB .06 1 .06 .219 .64
AC 12.60 1 12.60 45.34 .00
BC .09 1 .09 .34 .57
ABC .IS 1 .15 .54 .47

Blocks .20 3 .07

Block Error 5.83 21 .28
Total 62.53 31 2.02

Means of maximum seedling count 1982-83

Treatment Mean S.E.

Sown

Cog slugs 28.50 6.88
No slugs 28.00 7.56
Natural slugs 0.00
No slugs 1.25 1.25

Unsown

Cog slugs 0.75 0.25
No slugs 1.25 0.95
Natural slugs 0.00
No slugs 0 .00

Appendix 70b : Highest count of seedling rosettes germination experiment 1982-83.

Treatment

Sown Unsown

Dug Natural Dug Natural

- + - + - 4* - +

Block

1 15 17 0 0 1 1 0 0
2 16 18 5 0 0 1 0 0
3 46 46 0 0 0 1 0 0
4 35 33 0 0 4 0 0 0
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Appendix 70c : Effects of substrate and seed input on flowerstalk production, 1982-83. 
2-way ANOVA (with blocks) (Lege (x + 1) transformed)

Source S.S. df M.S. F Prob.

Substrate A 1.437 1 1.437 17.12 .005

Sown B .910 1 .910 10.84 .005

Interaction AB .910 1 .910 10.84 .005
Blocks 3.677 3 1.226 14.61 .005
Residual 2.098 25 0.084

Total 9.0318 31

Means of flowerstalk production 1982-83

Treatment Mean S.E.

Dug
Sown 2 .0 .92
Unsown .125 .125

Natural

Sown 0 0
Unsown 0 0

Block 1 0 0
2 .125 .125
3 .5 .327
4 1.5 .98

Appendix 70d : Seedling rosette counts for dug plots, 1982-83.

Treatment
Sown Unsown

Slugs No slugs Slugs No slugs

Date Day 1.6 2 .2 3.8 4.4 1.5 2.6 3.2 4.7 1.7 2.4 3.7 4.2 1.3 2.1 3.5 4.1

16.8 23 20* 0 0 0 44* 0 0 0 0 0 0 0 0 0 0 0
2.9 38 56* 16 20 24 92* 13* 30 23 19* 0 0 0 5* 0 0 0

30.9 66 13 17 30 24 15 16 24 31 0 0 0 0 0 0 0 4
15.10 81 10 13 37 29 14 13 19 27 0 1 1 0 1 0 0 0

2.11 100 17 9 46 30 5* 12 29 27 1 1 1 0 1 0 0 0
22.11 120 10 42 33’ 3’ 7 36 25 0 1 0 0 0 0
9.12 137 12 41 30 9 27 25 0 0 0 - ’ 0 0 0

22.12 150 F 12 42 33 F 12 38 35 F 0 0 F F 0 0 0
11.1 170 2' 16 39 23 14 33 17' - ' 0 0 0 0 0 0
27.1 186 14 39 28 16 46 2 0’ 1 0 0 -* 0 0 0
23.2 213 F 13 32 F F 13 28 F F 0 1 0 F 0 0 3
15.3 233 18 35 14' 1’ 13 27 2 1’ -* 0 1 0 0 0 0
29.3 247 12 35 27 10 23 30 0 0 0 0 0 0
16.4 265 14 25 28 10 18 33 0 0 0 o - 0 0
30.4 279 14 32 29 9 21 30 0 0 0 0 0 0
14.5 293 0 16 30 46 0 19 21 26 0 0 0 0 0 0 0 3

TOTAL 20 33 57 57 15 35 74 44 1 2 2 0 1 0 0 10

KEY: * Too young to distinguish C.p and C.f 
, submerged 
E frozen
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Appendix 70d To show number of rosettes present in indiv
idual plots at intervals after sowing date, 
Pond Field Germination Experiment 1982-1983.

PLOTS SHOWN WERE ALL SOWN AND DUG.
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Appendix 71a : To show seedling density (total germination to 29.3.83), seedling survivorship (numbers on 29.3.83) and 
shoot and root dry weights (mg).

Sowing
density

NO. of 
survivors

Total
germination

K^Q-value Mean 
root wt.

S.E. Mean
shoot wt.

S.E. Total wt. S.E. R/S
ratio

S.E.

40 L 5 14 .4472 20 .2 5.9 22.3 5.4 42.4 11.1 0.87 0.09
L 3 10 .5229 13.4 5.3 23.3 9.1 36.7 13.6 0.59 0.15
s 7 14 .3010 - - - - “ - - -
E 3 20 .8239 54.9 15.0 52.4 22.2 107.4 34.9- 1.59 0.54

80 L 3 20 .8239 23.1 5.7 52.4 12.6 75.5 18.0 0.45 .04
L 10 25 .3979 22 .0 6.7 36.9 8.98 58.9 11.9 0.88 -4S
E 5 21 .6232 52.6 16.7 38.9 13.7 91.6 26.6 1.48 0.45
E 6 24 .6021 66 .1 16.2 35.3 15.2 101.4 30.3 2.62 0.49

160 L 19 42 .3445 21.5 6 .0 37.6 14.4 59.2 20.0 0.72 .08
L 11 19 .2374 23.3 9.0 35.9 14.9 59.2 22.9 0.91 .30
E 35 67 .2820 7.6 1.5 20.6 5.2 28.2 5.8 0.70 0.3
E 13 33 .4046 39.0 18.5 15.6 4.7 54.6 22.2 2 .1 0.7

320 L 28 65 .3657 12 .2 2.3 19.5 2.3 31.7 4.2 .63 .07
L 2S 53 .3263 18.9 5.1 47.6 12.2 66.5 17.2 .43 .05
E 27 58 .3321 16.0 4.1 40.7 8 .6 56.8 12.1 .54 .13
E 20 54 .4314 - - - “ - -

640 L 75 128 .2321 25.3 5.3 34.6 7.8 59.9 12.7 .86 .12
L 88 116 .1200 20.7 6.4 55.3 10.5 76.1 13.3 .42 .11
E 67 233 .5413 13.8 3.1 17.3 2.8 31.1 5.1 1.31 0.5
E 78 118 .1798 — “

Appendix 71b : The effect of sowing density on percentage of flowerstalks produced by 29.3.83.

Mean proportion of seedlings producing flowerstalks

Sowing density Proportion

40 .0303
30 .0412
160 .0437
320 .0847
640 .0531

1-way ANOVA (Arc-sine transformed) with blocks- F^ ^  = 0*733, NS

Appendix 71c : Effect of sowing density on timing of flcverstalk production.

Sowing density 40 80 160 320 640

Date

23/2
15/3
29/3

0 , 0 , 0 , 0 
0 , 0 , 0 , 0 
0 , 0 , 1, 1

0 , 0 , 0 , 0 
0 , 0 , 0 , 0 
0, 1, 0 , 3

0 , 0 , 1, 0 
0 , 0 , 1 , 0 
2, 1, 5, 0

0 , 0 , 2, 0
2, 0, 3, 0
3, 8 , 5, 3

0, 0, 4, 3 
4, 0, 4, 0 
12, 0 , 6 , 11
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Appendix 71d : The effect of sowing density on percentage of seeds geminating.

Mean percentage of seeds geminating (untransfocmed)

Sowing density Percentage

40 36.25
80 28.13
160 25.16
320 17.97
640 23.24

1-way ANOVA (Arc-sine transformed) with blocks

F, = 3.027, NS 4,12

Appendix 71e : Results of 1-way ANOVARS on root/shoot ratio, rcot weight, shoot weight and total weight.

Factor Variable df F Prob.

Sowing density R/S ratio 4, 148 2.33 NS
In (x + 1) 2.85 .05

Root wt. 3.45 .01
In (x + 1) 3.68 .01

Shoot wt. 0.84 NS
In (x + 1) 2.41 .05
Total wt. 1.82 NS

Total gemination R/S ratio 15, 137 3.35 .005

Root wt. 2.9 .005
2.61

Shoot wt. 1.55 NS
Total wt. 1.63 NS

Survivors R/S ratio 13, 139 3.75 .005
In (x + 1 ) 4.89 .005

RCOt wt. 2.65 .005
2.23 .01

Shoot wt. 1.43 NS
Total wt. 1.31 NS



4 9 7

temperature on bud development time.
Temperature Mean S.E.

10 9.10 1.1
15 4.87 0.5
20 3.55 0.4
25 3.21 0.1

1-way ANOVA

F3 lg =* 17.44, p < .005
Appendix 72b : Mean bud development times for individual plants at varying temperature.

Temperature Plant No. buds Mean S.E.

10°C 1 11 6.91 0.9
2 8 7.88 1.4
3 11 10.27 1.8
4 10 7.50 2.0
5 17 12.94 2.0

15°C 6 10 4.90 1.1
7 10 3.20 0.7
8 16 6.25 1.0
9 18 5.28 1.1

10 18 4.72 0.9
20°C 11 28 4.86 0.5

12 10 2.50 0.5
13 17 3.41 0.4
14 15 3.00 0.5
15 16 4.00 0.4

25°C 16 11 3.64 0.4
17 11 3.09 0.6
18 13 3.31 0.7
19 20 2.75 0.5
20 26 3.27 0.3

N.B.: Aborted buds excluded from analysis

Appendix 72c : The effect of temperature on flcwer development time.

erature Mean S.S.

10 6.56 0.24
15 4.15 0.10
20 2.63 0.17
25 2.45 0.17

1-way ANOVA
F3 16 = 116.08, p < .005

Appendix 72d : Mean flower development tiroes for individual plants at varying temperature.

Temperature Plant No. flowers Mean s . c.

10°C 1 11 6.18 0 .2
2 a 6.12 0.4
3 li 7.18 0.5
4 10 7.10 0.6
5 17 6.23 0.20

o°in 6 10 3.8 0 .2
7 10 4.1 0 .2
3 16 4.2 0 .2
9 18 4.4 0.4

10 18 4.2 0.3
20°C 11 28 2.7 0 .1

12 10 3.0 0.3
13 17 2.0 0 .1
14 15 2.7 0.1
15 16 2.7 0.1

25°C 16 11 1.8 0 .2
17 11 2 .8 0 .1
18 13 2.4 0.1
19 20 2 .6 0 .1
20 26 2.6 0.1
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Appendix 72e : The effect of temperature on pod duration.

Teroerature Mean S.E,
15 26.7 0 .6
20 19.6 0.5
25 20.9 0.3

1-way ANOVA

F2 12 = 63.8, p < .005

Appendix 72f : Mean pod duration for individual plants at varying temperature.

Temperature Plant No. of pods Mean S.E.

15°C 6 10 27.6 0.7
7 10 27.9 0.3
8 16 24.7 0 .6
9 18 26.4 1 .0

10 18 26.9 0 .6

20°C 11 28 18.2 0.4
12 10 20.8 0 .2
13 17 20.0 0.4
14 15 20.3 0.4
15 16 19.0 0.3

25°C 16 11 21.8 0.3
17 11 20.1 0 .6
18 13 20.8 0.5
19 20 20.8 0.4
20 26 20.8 0.3
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Appendix 73 : Test for goodness of fit to negative binomial of flowerstalks in Pond Field 1981.

Observed frequency

X

Expected

P A

(0 - E )2
E Expected from Poisson

0 7971 7949.57 0.941 .058 7434
1 242 261.88 0.031 477 1.509 951
2 106 101.376 0.012 235 0.211 60.91
3 45 51.11 6.05E-3 129 0.73 2.59
4 28 28.81 3.41E-3 84 0.023 0.08
5 20 17.23 2.04E-3 56 0.44
6 16 10.73 1.27E-3 36 2.588
7 6 6.86 8.12E-4 20 0.108
8 6 4.47 5.29E-4 14 0.52
9-16 8 8.70 1.03E-3 23 0.062

N = 8448 0.999 = 6.249 with 7 df N.S.



Appendix 74 : Pattern of slug attack in Pond Field 1981

oo
in

Proportion of No. of quads in which x pis attacked
No. pis Freq. No. pis attacked in class Proportion of pis attacked
/ /4 m No. in class quadrats attacked in attacked

quadrats 0 1 2 3 4 5 6 7

1 164 0.104 .104 1.00 147 17
2 82 0.1829 .268 0.68 60 14 8
3 34 0.314 .44 0.71 19 2 9 4
4 24 0.125 .25 0.50 18 1 4 1
5 15 0.32 .53 0.60 7 2 2 1 3
6 16 0.292 .625 0.47 6 1 5 1 1 2
7 5 0.486 .8 0.55 1 1 1 1 1
9 1 0.44 1 . 0 0.44 0 1

13 1 0.077 1 . 0 0.08 0 1

N = 754

Observed 258 39 28 8 10

Expected 211.00 101.7 24.5 4.0 0.7
(Poisson)

8.56 100.8 5.6 = 114.99
(TT = 7.88, 1 df, 005)


