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".. .During Our first observation of these 'blood-creatures,' as we have termed the- after 
the colourful red liquid which is to be found in their bodies, and which appears to be of 
great sipficance to them in theù poems, wars, and religious rituals-we supposed them 
incapable of speech, as those we were able to examine entirely lacked the organs for it. 
They had no wing-casings with which to stnbulate-indeed they had no wings; they had 
no rnandibles to click; and the chemicai method was unknown to them, since they were 
devoid of antemae. 'Smell,' for them, is a perfunctory affair, confmed to a flattened and 
numbed appendage on the front of the head. But after a the ,  we discovered that the 
incoherent squeakings and gnintings that emerged f?om them, especially when pinched, 
were in fact a fom of language, and a e r  that wc made rapid progress ..." 

excerpt from the short-story "Cold-blooded," by Margaret Atwood 
published by Coach House Press, Toronto, 1992. 



for my family 
thank you for teaching me to learn 



Ab stract 

Behaviour of the alpine butterfly Parnussius smzntheus and characteristics of its mead ow 

habitat were studied. Female P. smintheus, despite fiequent ovipositions off of the host 

plant (Sedum Imceolatm), more ofien ovi posited in its presence and recogni sed suit able 

habitat patches as such. Monophagous larvae of P. sminthars were highly mobile in their 

first-instar (moving at least 1.2 metredhour) and fifth-instars were capable of orientation 

to S. Imceolahrm. On Jumpingpound Ridge the abundance of host plants in meadows 

was related to the abundance of larvae and adults, however, host plant spatial pattern was 

not. Slope, its correlate (soi1 texture), and the abundance of S. Ianceolatum account for 

56% of the variation in P. smintheus abundance among meadows. Larger-scale patterns 

of P. smintheus distribution beyond Jumpingpound Ridge, were explained, in part, by 

dope, soi1 texture and plant cornrnunity. Findings from this study will improve population 

models of P. smintheus which are concurrently being developed. 
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Chapter 1 

GENEIW INTRODUCTION 

"Buttefies, dragodes, and others enhance the earth's beauty incontestably, and their 

symbolism has figured prominently in the art and literature of aii cultures," (Pyle et al. 

1981). 



Butterfîy Populations 

Studies of butterfly populations have proliferated in the scientific literature over the past 

two decades. One reason for the growth of interest in butterfiy population ecology is their 

use in testing metapopulation theory, and its application to issues of conservation biology. 

A metapopulation is a group of local populations whose long-tenn persistence depends on 

connectivity by occasional dispersal between groups (Hanski and Gilpin 199 1, Harrison 

1991). Butterfiies have proven to be particularly amenable to applications of 

metapopulation theory and population modelling because of the fragmented nature of their 

habitat, their habitat specificity, and their relatively short life-span - adults seldom suMve 

for more than a few weeks. This facilitates development of large amd relevant data sets 

over a relatively short penod of tirne. 

Most buttedies have phytophagous larvae which feed on one or a few closely related 

species of plant (Ehrlich and Raven 1964, Chew 1975, Singer 1984). Although 

somewhat less specialized than their larvae, adult butterfiies also have strict habitat 

requirements. Adults need suitable microclimates for themoregulation (Weiss et al. 

1988) and are often restricted to areas that receive abundant sunlight. such as grasslands 

or meadows (Scott 1986). They require nectar resources provided by wild flowers, and 

they must have access to mates to fertilize eggs (Wiklund 1977). Female buaerflies also 

require oviposition sites that are suitable for larval feeding. Females of many 

Lepidopteran species facilitate larval search for host plants by preferentially alighting and 



selectively ovipositing on suitable host plants (Haribal and Renwick 1998) and it is 

generally believed that Lepidopteran larvae have little ability to locate larval host plants in 

the early stages (Singer 1 984, Mayhew 1997). 

Status of Butterflies in Canada 

Conservation of individual species requires maintenance of viable populations across their 

natural geographic range. Viable populations must be sufficiently large to ensure their 

persistence over a relatively long period of time. For many invertebrate species 

quantiwng viable population sizes is a daunting task because scientific studies of non-pest 

invertebrate species are rare. Individual collection records have contributed to the 

construction of accurate range maps for most buttetfiy species. From these maps it is 

possible to identiQ both species and areas of conservation concem (Layberry et al. 1998). 

Describing a viable population, however, is still impossible for rnost butterfly species. The 

otncial aatus of most bunerflies can not be determined (is indeterminate) due to the lack 

of sufficient scientific information. It is evident that more ecological studies of butterflies 

in Canada are required to identtfy species status and improve the chances of protection of 

rare species in Canada. This thesis identifies the key habitat requirements of a native 

Lepidopteran species, the alpine buttertly, Pamassius mintheus and endeavours to define 

habitat suitability for this species. 



Study Organism: Pwnaisius srnintheus 

Pamassius smintheus (Lepidoptera, Papilionidae, Pamassünae, Doubleday (1 847)) has a 

broad distribution in Western North Arnerica. Its distribution is constrained by that of its 

preferred l a r d  host pl t, lance-leaved st onecrop, Sedum Iimceoka~um (Crassulaceae). 9 
Larvae of P. mintheus are monophagous but have been reported to feed on other species 

of Sedum in areas where S. lanceoIatum is not found (Fisher 198 1, Scott 1986, Sperling 

and Kondla 199 1). 

Larvae of P. mintheus gather nutrients and the cyanoglycoside, sannentosin, fiom their 

food plants (Nishida 1995). This bitter compound has been found in the tissues of dl life- 

stages of P. q l l o  and P. phwbus and is believed to play a role in predator defense 

(Nishida 1995). It is postulated that larvae are aposematically coloured as bright yelîow 

dots are distributed in parallel rows d o m  the length of their black bodies. Due to their 

solitary feeding habitat and the complexity of the herbaceous layer in alpine environrnents, 

larvae are difficult to find and study. For this reason there are few natural history 

accounts of the immature stages of P. mintheus (e.g., Edwards 1885). 

Adult P. mintheus are large, conspicuous flien and are sexually dimorphic. Females are 

generally larger than males and their wing cuticle is transparent; females on the ground are 

dficult to find because of theù wing colour. Although they nectar feed, females fly less 

fiequently than do males, crawhg instead on the vegetation and soi1 surface, presumably 



in search of oviposition sites. Males have white scales and patrol meadows for nectar 

flowers and virgin females. Upon encountering an unmated female, a male will grab her 

and attempt to mate with her. Mating can take up to six hours while males deposit a 

sphragis, or waxy pouch, on the female abdomen. Sphragk-bearing females are assumed 

to have successfully mated only once and are unable to mate again because of interference 

caused by the sphragis (Laybeny et al. 1998). Virgin females are seldom seen in the field. 

Female P. mintheus do not selectively oviposit on the lard host plant. Females have 

been observed depositing eggs instead on adjacent non-host plant vegetation, soil, rocks 

and sticks (Scott 1986). Whatever the reasons for this oviposition strategy, it has serious 

consequences for hatching early-instar larvae. To ensure s u ~ v a l  immature P. smintheus 

must move f?om egg-laying sites to find a suitable host plant. 

P. smintheus is nonmigratory and ovenvinters in the egg stage (Laybeny et al. 1998). 

Larvae emerge in the spring (Fig. 1-1) soon d e r  snow-melt and begin feeding on Sedum 

lmceo~utum rosettes (personal observation). Larvae pupate in the leaflitter, grave1 or 

rocks lying near the soil surface and do not spin a cocoon. Rather they gather some silk 

around them to attach themselves to the surrounding substrate (Laybeny et al. 1998). 

Pupae are light brown and carnouflaged in the litter layer. Adults emerge in eady July to 

late August in subal pine and alpine areas. Adults cm live for more than three weeks 

(Roland et al. in press) and have been seen flying weii into September (Bud et al. 1995). 



Fig. 1 - 1.  Schematic Me-cycle and phenology of PmMsFus mintheus on Jumpingpound 
Ridge. The drawing of the larval host plant, SeAm l ù n c e o l ~ ,  is taken fkom Clausen 
(1 975). 
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P. mintheus is regiondy abundant in North Amenca. Populations of P. smintheus should 

however, be monitored because of the poor population status of European congeners. 

Due to severe fragmentation and loss of habitat, P. apoZIo and P. mnemosyne are 

endangered or threatened over most of their range (Geyer and Dolck 1995, Sanchez- 

Rodnguez and Baz 1996, Meglecz et al. 1997, Descharnps-Cottin et al. 1997). P. 

winlheus may be a good candidate for moni to~g  subalpine and alpine meadow habitat in 

the province of Alberta, because of its habitat specificity, its regional abundance and the 

sensitivity of its congeners to changes in habitat composition and stmcture. 

Populations o f  Poritcissius smintheus 

Roland et al. (in press) and Keyghobadi et al. (in press) studied populations of P. 

sminrhew in a series of sub-alpine meadows on Jumpingpound Ridge, Kananaskis 

Country, Alberta, using mark-recapture and genetic techniques, respectively. Although 

their findings suggest that P. mintheus populations dong Jumpingpound Ridge are 

co~ec ted  by some movement of individuals between meadows, it is clear that intervening 

forests impede movement of P. smintheus to a large degree. Based on their findings it is 

anticipated that increasing distances between meadows, caused by rising treeline, wiîl 

fbrther isolate populations of P. smintheus. It is recognized that the ability of organisms 

to disperse between patches of suitable habitat is criticai to the survival of populations that 

are spatially structureci (Harrison 1989, Baguette and Nève 1994, KUUS& et al. 1996, 

Nève et ai. 1996, Forare and Solbredc 1997, Mousson et al. 1999). 
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Meadows on Jumpingpound Ridge support different population sizes and densities of P. 

smintheus (Roland et al. in press), suggesting that meadows Vary in quality. Variation in 

habitat quality can influence the dynamics of spatially structured populations (Moilanen 

and Hanski 1998) and degradation of habitat quality has been identified as the Ieading 

cause of butterfly extinctions (Hanski and Thomas 1994). Therefore, understanding what 

constitutes quality of meadows for P. smintheus is important for understanding their 

population dynamics and for predicting how changes to habitat will affect their long-term 

persistence. 

The objectives of this thesis are to describe habitat suitability and habitat quality of 

subalpine and alpine meadows for P. smintheus, in particuiar by the inclusion of an 

examination of the behaviourai ecology of both adult females and larvae, and a more 

cornpiete understanding of the resource requuements of this species. A general o v e ~ e w  

is provided in Figure 1-2. 

Adult female buttedies are expected to recognize and search for suitable egg-laying sites 

to ensure survival of their relatively immobile o f f sp~g .  In many species adult females do 

consider the suitability and quality of oviposition sites, which may translate into their 

greater abundance in suitable high-quaiity areas, and thek dispersal fiom low-quality areas 



Cha ter 2 c 
@arc h for nectar plants &\, 

Oviposition sites c-l 

3. Chapter 5 

ropographical 
.Location .Soi1 depth 

latitude and longitude .soi1 Texture 
*Elevation .Plant comrnunity 
*Slope 
*Aspect 
*kdrock Geology 

1 Butterfly occurrence 1 
1 Butterfly abundance 1 

Fig. 1-2. Outline of thesis. A. Investigating how adult fernales and larvae of the alpine buttertly, P a r , ~ s s i t ~ s  srniritheus respond 
to the larval host plant, Secrhm Ianceolaium. B. Using both topographical and ecological characteristics of meadows to 
describe the patterns of occurrence and abundance of P. smh~lheus buttedies. 

a 
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or non-habitat. In some species, however, adult femdes do not selectively oviposit on 

suitable larval host plants. Female P. smintheus fa11 into the category of "haphazard egg 

layers; they rarely oviposit on the plants on which their offspring feed. The objective of the 

second chapter is to determine if femaie P. smintheus movement and egg-laying 

behaviours change in response to differeiices in habitat suitability and habitat quality. 

Chapter 3 deals with the naturai history, resource requirements and behaviour of larval P. 

mintheus. It is known that Lepidopteran Iarvae in general disperse much smailer distances 

than do the adults. Therefore, selection of suitable habitat is the responsibility of the adult. 

In species where femaies do not selectively oviposit on suitable host plants, laival mobility 

and search ability are therefore critical. Mobility and search ability were observed in the 

field and quantified in the laboratory. 

The role of host plant (Sedum Ianceolutum) abundance and spatial patterning in 

detennining habitat quality of meadows for P. mintheus is explored in Chapter 4. The 

abundance of required resources is often considered a masure of habitat quality, but the 

effect of spatid patterning of the required resources in determinhg habitat quality is 

rarely quantifieci. Adult femaie oviposition behaviour and larval feeding behaviour are 

shown to be related directiy to the density and spatial pattern of S. Zmceol'. 
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Finally, Chapter 5 develops topographical and detailed site variable models that describe 

patterns of occurrence and abundance of P. mintheus. Models of habitat suitability and 

quality cm be used as tools for population ecologists and landscape managers to make 

land use and planning decisions. Although large vextebrates have traditionally been used 

for these decisions it is now recognized that non-vertebrates are critical components of the 

ecologicai integrity of naturd areas and that they can provide additionai information on 

habitat at a fine spatial scde. The development of models such as these is necessary to 

assess the population status of invertebrates and improve present management practices. 
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Chapter 2 

HABITAT SUITABLl'TY INFLUENCES FEMALE MOVEMENT AND EGG-LAYING 

BEHAVIOUR IN THE ALPINE BüïTERFLY PRRNASSIUS SWMWEUS 

"...efficient searching and accurate assessrnent of resources are crucial to an individual's 

survival chances and reproductive potential," (Bell 199 1). 



I~JTRODUCTION 

Buttedy population size and distribution are constrained by the availability of suitable 
* 

habitat. Suitable habitat contains aii the resources required for the suMval of a population 

for many years (Hanski and Thomas 1994), and may not be continuous over the total 

spatial extent of a population, existing instead as fragments or patches. Research on 

butterfiy population dynamics has show that both quality and connectivity between 

suitable habitat patches are impottant for ensuring the persistence of populations (Harrison 

et al. 1988, Thomas et al. 1992, Hanski and Thomas 1994, Hanski et al. 1996). Habitat 

quaiity, in the context of butterflies, has traditionally been equated with the abundance of 

adult nectar plants or larvai food plants, or both, and deterioration in habitat quality has 

been identified as the main cause of butterfly extinctions (Hanski and Thomas 1994). In 

spatially-stmctured populations, dispersal behaviour, which is the product of individual 

decisions to leave a patch or not, c m  mediate the effects of habitat quaiity on populations 

but is dependent on the comectivity or on the degree of isolation of habitat patches in the 

landscape (Harrison 1991). Intervening non-habitat can impede dispersal of individuals 

between patches of suitable habitat, thereby reducing the co~ectivity or increasing the 

isolation of suitable habitat patches in the landscape. Niemenen (1996) studied movement 

rates of several species of moth and butterfiy among islands and found that emigration and 

Unmigration were affected by habitat patch isolation a d  by various physical traits of the 

species considered. Other studies have shown that the persistence of spatidy-structured 

populations is determhed, in part, by the ability of individuais to cross unsuitable habitat. 



By moving between suitable habitat patches they cm recolonize patches where the 

population was absent or extirpated (Harrison 1989, Baguette and Nève 1994, Kuussaari 

et al. 1996, Nève et al. 1996, Forare and Solbreck 1997, Mousson et al. 1999). It has 

been acknowledged that an understanding of the dispersal abilities of a species is required 

prier to predicting how the spatial arrangement of habitat patches can affect population 

structure or survival (Fahrig and Paioheimo 1988, Ruckleshaus et al. 1997, Moilanen and 

Hanski 1998). 

Colonization of extinct habitat patches must be done by females, because it is their 

decision when and where to oviposit. From an evolutionary perspective, female 

Lepidoptera are expected to choose to oviposit on plant species that maxirnize growth and 

s u ~ v a l  of their larvae (Thompson and P e h y r  1991). It would therefore be 

advantageous for females to assess the suitability and quaiity of habitats for their hatching 

larvae, to respond positively to the abundance and quality of l a a l  resources. Such 

assessments would promote residency in suitable, high-quality meadows and dispersal 

from unsuitable or poorquality meadows. Unlike adult buttedies, hatching larvae are 

restricted to searching an area within a few metres of their hatching site (Renwick and 

Chew 1994). As a result, early larval s u ~ v a l  depends almost entirely on female search 

behaviour and selection of oviposition sites (Root and Kareiva 1984). Females of severai 

species ofmoths and buttedies can orientate to the host plants duMg flight and 

accurately assess landing sites for oviposition (Thompson and Pelmyr 199 1). Assessrnent 
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of landing sites for oviposition is very species-specific and may involve a combination of 

physical, chernical and visual cues fiom landing sites (Thompson and Pellmyr 1991, Honda 

1995). Females of many species "drurn" the plant surface with some or dl of their tarsi, 

antennae, ovipositor or proboscis prior to making a decision to oviposit or not (Honda 

1995). 

Finascale search and oviposition behaviours result in a tight link between host plant 

distribution and adult buttedy distribution. Thomas and Singer (1987) found that 

Euphydym editha females released in habitats with and without their preferred host 

plant, were more Wtely to disperse from those without. In the closely related Euphydrya~ 

anicia it was found that femaies dispersed faster fiom areas with no hosts compared to 

areas with many hosts (Odendaal et al. 1989). Similady, for the endangered Fender's blue 

(Icmicia icurioides fendera), females alter their dispersai behaviour depending on habitat 

type. They fly greater distances and cover morr ground in areas without the host plant 

(Schultz 1998). In al1 three of these species, females search for and selectively oviposit on 

suitable host plants. In some Lepidopteran species however, females do not lay their eggs 

on suitable host plants (Scott 1986). In these species larval establishment on suitable 

food plants depends on adult oviposition close to host plants and larval ability to detect 

and rnove to these plants. This paper investigates the influence of habitat quaiity, 

measured indirectly as the abundance of adult butterflies and diredy as the abundance of 

the larvai host plant, on femaie movement and oviposition behaviour of a butterfiy whose 



females have been descnbed as "haphazard" egg-Iayers (Scott 1986). 

The alpine butterfly Pamc~ssiius smintheus has monophagous lame which feed only on 

lance-leaved stonecrop, Sedum lanceolafunr(Bird et ai. 1995). The distribution of P. 

smintheus in Alberta is restricted to the subalpine and alpine meadows where the larval 

host plant is found (Sperling and Kondla 199 1). Studies of P. mintheus population 

dynamics on Jumpingpound Ridge, Alberta, have produced two population-movement 

models of P. mintheus (Keyghobadi et al. in press, Roland et al. in press) w hich 

demonstrate, using genetics and mark-recapture techniques respectively, that intervening 

forests irnpede movement of P. smintheus buttedies and thus reduce the comectivity of 

the regional landscape. Treeline rise in recent decades has reduced the size of the 

Jumpingpound Ridge meadows (Roland et al. in press); recolonization of increasingly 

isolated patches of suitable habitat may become critical to the persistence of P. smintheus 

at sites like Jumpingpound Ridge (Fig. 2-1). Although populations of P. mintheus are 

not endangered, closely related European species of Pumussi~~s, including P. mnemosyne 

and P. opoIZo, are declining and endangered in many portions of their range, due to the 

loss and fragmentation of suitable habitat (Geyer and Dolck 1995, Sanchez-Rodriguez and 

Baz 1996, Meglécz et uL 1997, Deschamps-Cottin et al. 1997). Predicting how physical 

changes to suitable habitat patches on Jumpingpound Ridge will &ixt populations of P. 

mintheus requires an understanding of how female P. sninrheis make movement 

decisions. 



Fig. 2- 1. Rise in treeline over the past four decades is evident fiom air photos taken on 
Iumpingpound Ridge, Kananaskis Country, Alberta (50°57'N, 1 14°SS'W) in 1952 (a) ai 

1993 (b). Treehe (or meadow perimetets), as interpreted fiom the air photos, an 
represented by the lines for 1952 (c) and 1993 (d). Meadows are becoming smaller and 
increasingly isolated fiom one another (fiom Roland et al. in press). 
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The strong and highly significant correlation between adult population site and abundance 

of the l a d  host plant in Jumpingpound Ridge meadows, discovered in Chapter 4, 

suggests that there is a tight iink between the two, even though females do not place their 

eggs directly on the hoa plant. if' female P. smintheheus respond to local larval host plant 

abundance and can thus determine meadow suitability for developing larvae, it is expected 

that females would favour the neighbourhood of the host plant as a landing site and make 

reproductive investments only in those meadows containhg abundant host plants. 

Meadows on Jumpingpound Ridge suppon different population sizes and densities of P. 

smintheus (Roland et al. in press), suggesting that not a l  suitable meadows are of equal 

quality for P. ainrheus (Table 2-1). I f  female P. smintheus wi assess the quality of 

meadows, it is expected that females would lay more eggs in meadows with a higher 

densiîy of the host plant. These behavioural patterns would require flight behaviours that 

tend to retain buttedies in hi&-quaiity meadows, and result in dispersal f?om low-quality 

or non-habitat meadows. In this study 1 investigate femde P. smintheus landing site 

selection, estimate the relative quality of three different rneadows, and conduct 

behavioural studies to identify how differences in habitat quality affect their movement and 

reproductive investment . 

OBJECTIVES 

1. To determine ifP. smintheus females orientate to the host plant, S. Imceola~um, 

during flight and aüght on available flower species randomly or if they favour S. 



Table 2- 1. The area of Jumphgpound meadows (ha) and Pamassius mintheus 1995 
population estimates using Craig's method (fiom Roland et al. in press). The values 
generated nom Craig's method provide indices of abundance and not absolute estirnates 
of abundance. Population density of meadows i s  calculated by dividing population size by 
meadow area. 

Meadow Meadow Area (ha) Population Size Population Density (#/ha) 

F 3.66 3 1,6 8.6 



lanceolatum as a landing site. 

2. To assess if female P. sminiheus fiy randomly or if they alter t heir flight behaviour in 

dairent quality habitats, thus promoting residency in high quality meadows and dispersal 

fiom low-quaiity and non-habitat meadows. 

3. To explore the effect of habitat suitability and quality on P. smintheus egg-laying 

behaviour. 

METHoDs 

Study Area 

Studies were conducted in the foothills of the Canadian Rocky Mountains on 

Jumpingpound Ridge, Kananaskis Country, Alberta. Jumpingpound Ridge is a chah of 

subalpine meadows separated fiom each other by intervening forest of lodgepole pine 

(Pims contortu), Engelmann spmce (Picea engelmannii) and mbalpine fir (Abies 

lasiai~npa) (Fig. 2-ld). Vegetation of the meadows is dominated by white mountain 

avens (Dryas octopetala ssp. hookriuna), grasses, sedges and other wildflowers. AU 

meadows have at least some l a d  host plant (S. Imceokatum) in them. 

Orientation to Host Plant During Fîight 

Female P. mintheus were caught on sumy days fiom Iuly 6, 1997 to August 12, 1997 in 

meadow G. Individuals were marked with a three letter identification code and their 

mating status was assessed by the presence or absence of a sphragis, laid d o m  on the 
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fernale abdomen by the male during mating (Scott 1986). Mated females were followed at 

a distance of one to two metres. Care was taken not to pass observer shadow over the 

butterfiy because this stimulates premature take-off and anti-predator flight behaviour. 

Landing sites were marked with sequentially numbered clothes pins (Stanton 1982), until 

females could no longer be followed. Flight paths were later mapped by recording the 

straight-line distance and the cornpass angle between consecutive landing sites. Stanton 

(1982) defines preference as an instance where resources are utilized more often than 

would be predicted from the frequency with which foragers encounter and perceive them. 

In order to assess preference in P. mintheus, landing sites that were flowen were 

compared to al1 available flowering nectar plants Iocated dong flight paths. Ai1 available 

nectar plants within 1.5 metres on either side of the flight path were identified to species 

and tallied; al1 plants including those with multiple flower heads were counted as one plant 

except for legumes (HeQscmm mlphu~escens and ûxytropis sericea). Due to the sire of 

the legume inflorescences, each was considered as one plant. 

Collection of flight path data was very tirne-consuming and therefore only four full night 

paths were recorded. Data on landing choice from a total of four observed flight paths 

were combined. Preference was estimated ushg a G-test and several subdivided G-tests 

were conducted to determine if females landed more than, less than or as frequently as 

expected, on each of the individual flower species. The alpha level for the multiple 

subdivided G-tests was adjusted for experimentwise error (Sokal and RoW 1998). 



Habitat QuaZity 

Data on larvai host plant density (Chapter 4), bunerfiy population indices and individuai 

movements of P. mintheus (Roland et al. inpress), were used to select three meadows of 

difEerent quality for female P. smintheus behaviourai observations: an unsuitable or non- 

habitat meadow on Powderface Trail (clear cut), a suitable meadow of poor-quality 

(rneadow J) and a suitable meadow of good-quality (meadow G) (Table 2-2). Al1 three 

meadows had suitable and abundant nectar resources for female P. smintheus. 

Table 2-2. Assessing quality of meadows for P. smintheus. Movement data are from the 
1995 markfrecapture session conducted by Roland et al. (in press). The number of 
individuais that were marked and recaptured in the same meadow (residents), the number 
of individuals marked in that meadow and recaptured in another (emigrants) and the 
number of individuals rnarked in another meadow that were recaptured in the indicated 
meadow (immigrants). The rnean density of larval host plants, Sedirm Imtceolahrm, is 
f?om mapping work conducted in 1998 for Chapter 4. 

Meadow Residents Emigrants Immigrants Sedum (plants/m2) 

Non-Habitat O O O O 

Poor-Quality (J) 1 2 1 4.1 

Effect of Habitat Quality on Movement 

Femaies were collected, marked with unique codes, and kept in outdoor cages with a 

nectar source. Fernales were released in one of three meadows on sumy days between 

kly  14, 1998 and August 8, 1998. To standardize for the infiuence of the release site on 

female behaviour, females were released by observers ont0 suitable nectar flowers. 



26 

Females were foiiowed and paths marked as described above. At each landing site, post- 

aiighting behaviours were recorded, including: stationary (females did not move; includes 

basking with wings open), crawling (fernales remain in contact with the substrate but 

move over the substrate using theu legs oniy), abdominai arch (femaies arched abdomen 

and contacted the substrate with the posterior end of their abdomen), oviposition 

(confinned by presence of an egg), and nectar feeding (females probed flowers with 

proboscis). Compass angles were converted to a tuniing angle for each step in the path 

traversed (hm angle step,=compass angle step,,,-compass angle step3. The number of 

steps was limited to eight to ensure an equd sarnple for each femde. 

Tesring for r d o m  movement 

Tum angles and step lengths in the three separate habitats can be used to estimate whether 

females move randody or if they respond to dserences in habitat quality and move 

dxerently in the three habitats. Karieva and Shigesada (1983) proposed a simple 

method for comparing the observed rate of dispersai (mean net displacement squared) of 

organisms to a correlated random walk (CRW). An assumption of CRW is that organisms 

behave as they would in a firstsrder Markov chah model. Movement decisions (tum 

angle and step length), for organisms which move in a first-order Markovian manner, 

depend only on the preceding step. Each turn angle and step length is dependent on the 

preceding turn angle and step length (Turchin 1998). Provided that the distribution of 

turn angles is normal and symmetnd around zero, the CRW represents the random 
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dispersal of an organism. Therefore, any observed deviations in the rate of dispersal from 

the CRW prediction indicates that there are either serial correlations in step length and 

turn angle at a lag of more than one step or that the rate of dispersal of an organism is 

more or Iess than random. This rnethod allows for cornparison of movement paths of 

conspecifics in difFerent environments (Cane 1978, Root and Karieva 1984, Turchin 

1998). 

I compared the average movement rates, the mean net displacement squared, observed for 

females to a CRW prediction for each of the three habitats. It is often difficult to 

demonstrate whether or not organisms are moving in a Markovian fashion (Root and 

Kiuieva 1984). Tests for serial correlations in movement behaviours were conducted to 

determine whether P. mintheus fernales met the assumptions for the CRW model 

separately for al1 habitats. Tum angles were reduced to right (R) and lefi (L) turn 

directions and were analysed using G-tests to determine if there was a signifiant 

interaction between tum direction and its previous turn direction at a lag of one, two and 

three steps. Conelation d y s e s  were used to determine whether a given step length was 

wrrelated with the steps preceding it at a lag of one, two and three steps. 

Another approach for cornparhg observed displacements to random displacements is the 

bootstrap method. Unlike the CRW model, this method provides an estimate of statistical 

significance and makes no assumptions about the distribution of the test statistic (Turchin 
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1998). Simulations of 1000 flight paths of eight steps for each habitat were compared to 

the observed mean net displacements for the respective habitats. The simulated paths for 

the non-habitat meadow were generated by randomly drawing individual step lengths and 

turn angles (with replacement) from the observed step lengths and him angles in the non- 

habitat meadow. Ninety-five percent confidence envelopes were generated from the 

simulations and compared to the observed mean net displacenients. If observed mean net 

displacements feu above or below the confidence envelopes, females were considered to 

have moved respectively more or less than expected from random. This procedure was 

repeated for aii habitats. 

Emigration and Habitat QuaMy 

Mean step lengths and turn angles for each female were used to compare effects of habitat 

quality on movement behaviour. Use of mean turn angie was based on the fact that the 

distribution of ali turn angles for each habitat were notmal and centred around zero, thus 

simpiifjing turn angle analyses (Odendaal et al. 1989). Mean distance per step, and mean 

turn angle per step were later compared between good-quafity, poor-quality, and non- 

habitat habitats using analysis of variance (ANOVA) tests, &et testing for equality of 

variances (Levene 1960). Mean distance per step and mean turn angle per step were 

combined for the poor- and good-quality meadows and compared to the non-habitat 

meadow using an ANOVq to detemine whether suitability (instead of meadow quality) 

is affecting female behaviour. As a more direct cornparison demigration in the three 



different habitats, the net displacements of buttedies for one to eight steps and one to 

twenty steps were compared using repeated measures ANOVA (Schultz 1998). Repeated 

measures ANOVA allows one to analyze data collected on the same individual three or 

more times and to test for interaction between different factors (Zar 1996). In this study 

both habitat quality and step number are factors. The net displacement data were 

combined for poor- and good-quaiity rneadows and repeated measures ANOVA was 

conducted comparing net displacements in suitable (poor- and good-quality) and 

unsuitable (non-habitat) meadows d e r  8 and 20 steps. 

Oviposition and Habitat Quality 

P. mintheus lay eggs singly on a variety of substrates (Scott 1986). 1 recorded the 

number of ovipositions for each of the three meadow types during 1998 tlight path 

observations. The total number of eggs laid dong each flight path was cornpared arnong 

habitat types. To control for the individuai variation in the number of  oviposition 

oppominities I compared the proportion of landings for each femaie, x, that resulted in 

oviposition (PJ: 

where O, is the nwnber of landings with oviposition for fernale x and L, is the total number 

of landiigs for femaie x. I also compared net displacement between successive 
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ovipositions for the poor- and good-quality meadows to determine if females fly greater 

distances in search of suitable ovipositions sites in the poor quality meadow. Due to smaii 

sample sizes and unequal variances between meadows, the non-parametric Kniskal-Wallis 

test was used. To determine if habitat suitability Sects oviposition behaviour, the number 

of eggs laid and proportion of landings that resulted in oviposition in the poor- and good- 

quality meadows were combined and compared to the non-habitat meadow using non- 

parametric the Mann-Whitney U tests. Net displacement between successive ovipositions 

was dso compared using a Mann-Whitney U test. 

Natural ovipositions dong flight paths in 1998 were supplemented with oviposition cage 

studies in 1997 and 1998. To determine if females oviposit in response to the larval host 

plant, females were retained in meadow G for 24 hours in netted cages (ColemanTM food 

cover: 32 cm x 32 cm at base and 20 cm high in the centre) with or without S. 

Imceolorum. DifYerence in the number of eggs laid in the presence or absence of S. 

I'eolatum was determined using a Mann-Whitney U test. The number of eggs laid and 

theu locations within the cage (plant species or substrate) were recorded. 

~ S U L T S  

Orientation to Host Plant During Flight 

Femaie P. mintheus did not land in randorn locations (G -5  1.1; p-0.00002). However, aii 

landhg sites were proportionate to their availability except Senecio c m s  (Prairie 



Groundsel), which was landed on more than expeaed (GE16.8, p=0.0004) and Galium 

boreale which was landed on less than expected (G=14.9, p=0.0001) (Table 2-3). 

Table 2-3. Subdivided G-test results for testing the interaction between the number of 
available nectar plants of each species available dong tlight paths and the number of 
landings on each species. Significant results indicate that fernales landed more or less 
often than expected than ifthey had landed randomly on aii available flowers. Preference 
indicates that femdes landed more often than expected and avoidance indicates that 
females landed less often than expected. 

Plant Species LandingdAv3ilable G PreferfAvoid 

Oxyiropis sericea O 0.06 

Stellaria longipes 

Poten tilla divers~~olia 

Erigeron peregrinus 

Agoseris glauca 

Castilleja spp. 

Comandra umbellata 

Senecio conus 

Zigadenus elegons O 

Heàysamm sulphurescens 1/40 

Solidago multiradiata 36245 

Rhinanthw minor O173 

Achillea millefilivm 3/94 

Potentifla fiuticosa 8/132 

Gafium boreale 0/240 

0.17 

1.78 

0.62 

0.74 

16.8** prefer 

4.17* prefer 

423* avoid 

0.06 

458* prefer 

14.9** avoid 

Aster sib iricics 3/309 6.0* avoid 
**Chi square (conected for multiple cornparisan) is significant at pQ1.01. 

+Chi squre (nat corrected for multiple cornparison) is significant at p4l.05. 



Effect of Habitat Suitability and Quality on Movement 

Testing for rmdom movement 

There were no significant correlations between successive moves for tum angle nor for 

step length in the non-habitat meadow, but there were significant correlations for these in 

both the poor- and good-quality meadows at a lag of one step (Table 2-4). These results 

suggest that females behave as they would in a firstsrder Markov chah in the two 

buttertly meadows. Observed deviations of female net displacement squared in the two 

butterfly meadows suggest that females displace further than expected from CRW 

predictions (Fig. 2-2) and those noted in the non-habitat meadow may be produced by the 

non-Markovian manner of movement. Bootstrap simulation (Fig. 2-3) suggests that net 

displacement of females does noi Jiffer nom random in the non-habitat meadow. After 

five moves the observed net displacement is greater than the bootstrap prediction in the 

poor-quaiity butterfly habitat. In the good-quality meadow the observed mean net 

displacement remains near the upper bounds of the bootstrap prediction but does not dEer 

significantly From the predicted net displacement. In general, there is more movement in 

the poor- and good-quaüty meadows than expected from the distribution of tum angles 

and step lengths observed. 

Eniigtatim &Habitat Qualiîy 

There were no significant dEerences in the mean step length among the three habitats, 

aithough step lengths were greatest in non-habitat (F,=2.13, p=û. 14, powe60.10) (Fig. 
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2-4). When step length data were combined for the two butterfly meadows there was still 

no s ig -can t  effect of habitat suitability on step lengths (F,,,=1.64, p=0.2 1, power<O. 10). 

Table 2-4. Effects of three meadow habitats (non-habitat, poor-quality and good-qudity 
meadows) on the assumption of the Correlated Random Walk mode1 for movement. 
Serial correlation testing of tum direction (Right vs. Lefi) and step length (LJ at a lag of 
1,2 and 3 steps. The G statistic is from the log Likelihood ratio and r is Pearson's 
correlation coefficient. * indicates significant autocorrelation at p<O.OS. Fernales meet the 
assumption of CRW in the poor- and good-quality butterfly meadows, but violate the 
assumption in the non-habitat meadow. 

- 

Lag t step I Lag 2 steps I Lag ~ e p s  

I I Lx L*, +L* 
Meadow Rvs. L LI vn LSI R v s  L LS vs. L ~ I  +L,z Rvs. L 

Nom-Habitat 1 0.0.03 F O. 11 ( G=O.OS r= 0.3 1 I G=0.36 r= O. 15 



STEP 

Fig. 2-2. Observed mean net displacement (rate of dispersai) with standard error bars and 
the expected mean net displacement squared fiom the Correlated Random Walk Model 
for the non-habitat meadow (a), the poor-quality meadow @), and the good-quality 
meadow (c). Femaies exceeded the CRW model prediaions after 4 , 6  and 2 steps in the 
non-habitat, poor-quality, and good-quality meadows, respectively. 



Fig. 2-3. Obsemed mean net displacement (m) of female P. sinintheus plotted with 95% 
confidence envelopes from simulated flight paths for: (a) the non-habitat meadow; (b) the 
poor-quaiity meadow; and, (c) the good-quality meadow. Where the observed net 
displacement is greater than the upper confidence envelope females displaced fùrther than 
expected f?om random and where the observed net displacement is within the confidence 
envelopes females displaced as expected fiom random. Females appeared to displace 
randornly in the non-habitat meadow and displaced further than expected in the two 
buttedy meadows. 



Meadow 

Fig. 2-4. The mean step length (m) for female P. mintheus released in the three meadow 
habitats, calculated from the mean step lengths of the first eight steps of each female. The 
number of females observed in each of the treatments is recorded at the top of the 
standard error bars. There was no significant effect of habitat quality on mean step length, 
p-O. 14. 



Mean absolute tunllng angles approxirnated a normal distribution in each of the three 

habitats and variances for the absolute turn angles were simiiar among the three release 

sites (~~0.35). Females tencied to turn more sharply in the good-quality meadow, but 

there was no significant effect of habitat quality on turn angle (FZ2+ .65, p 4 . 2  1, 

power<O. 10) (Fig. 2-5) nor was there a significant effect of habitat suitability on turn angle 

(F,,,,=0.45, p=O. 5 1, power<O. 1 O). 

Females moved consistently fùrther at each step in the non-habitat than in the poor- and 

good-quality butterfiy meadows (Fig. 2-6). There were no significant effects of habitat 

quality @=0.63) nor was there any interaction between step number and habitat quality 

( ~ ~ 0 . 8 8 )  on net displacement during the first eight steps using repeated measures 

ANOVA. When data were combined for the poor- and good-quality butterfly meadows 

and compared to the non-habitat meadow, there was no effect of habitat suitability on net 

displacement @=0.56). 

Using ail twenty steps, there was no si@cant effect of habitat quality on net 

displacement 0 . 1 3 ) .  Despite the smail sample size, there was a marginally signifscant 

interaction between step number and habitat quality @=O.OS) on mean net displacement. 

When data were combined for poor- and good-quality buttedy meadows and compared 

to the net displacements in the non-butterfly meadow there was a significant effect of 

habitat suitabiiity @=0.044) on net displacement and there was a signincant interaction 



Meadow 

Fig. 2-5. The mean absolute tum angle (degrees) of female P. mintheus in the three 
meadow habitats, calculated ttom the mean absolute turn angle for the tkst eight steps of 
each female. The number of females obsemed in each of the treatments is recorded at the 
top of the standard error bars. There was no significant effect of habitat quality on tum 
angle, p=0.2 1. 



non-habitat 

a '  * poor-qua1 ity . .. 
a w *  

Step 

Fig.2-6. The mean net displacements (m) of female P. miintheus released in the three 
rneadow habitats. The sample sues for the dxerent habitats after 8 and 20 steps are: non- 
habitat, 9 and 6; poor-quality, 14 and 8; and good-quality, 10 and S. There was no 
significant effect of habitat quality after 8 steps ( ~ 4 . 6 3 )  nor a e r  20 steps 13). 
There was a significant interaction between step number and habitat quality after 20 steps; 
~ 4 . 0 5 .  



between step number and habitat suitability (p=0.012). This suggests that in al1 cases 

there was greater displacement with step length in the non-habitat meadow. 

Oviposition and Habitat Suitability and Quality 

Females laid the most eggs in the good-quality meadow (Fig. 2-7). While there was no 

statistically signincant effect of meadow quality on the number laid (H=5.3 5, p=0.07) nor 

in the proportion of landings that resulted in oviposition (H4.8 ,  p=0.09), these values 

approached statisticai significance. In suitable (poor- and good-quality) meadows 

significantly more eggs were laid by females than in the unsuitable (non-habitat) meadow 

(U=93, p=0.047). There was almost a significant effect of habitat suitabiüty on the 

proportion of landings that resulted in oviposition (U=100, p=0.083). There was no 

diflierence in the net displacement between successive oviposition events in the poor- and 

good-quality meadow (U= 130, p=0.93) (Fig. 2-8). Only two out of forty-seven (4.3%) 

ovipositions observed during tlight foUows were on S. ZmceoIuhrm (Appendk A contains 

detaited oviposition site information). Females laid more eggs in cages when S. 

fmceola~urn was present in 1997 (ü=S .S; p=û.009) and 1998 &Hl;  @.O 12) (Fig. 2-9). 
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Meadow 

Fig. 2-7. Box and whisker plots for: (a) the number of ovipositions observed in the 
three meadows during flight path observations; and, @) the proportion of landings which 
remlted in ovipositions. There was no significant effect of habitat quality on the number 
of ovipositions obsenred m.07) nor on the proportion of landings which resulted in 
ovipositions ('4.09). * and 0 are outlien and extreme outliers. 



Poor Good 

Meadow Quality 

Fig. 2-8. Box and whisker plots of net displacement (m) between successive ovipositions 
in the two buttedy meadow treatments. There was no si@cant effect of habitat quaiity 
on displacement between ovipositions; p-0.93. 



Year 

Fig. 2-9. Box and whisker plots of number of eggs laid in 1997 and 1998 for femdes 
caged for 24 hour with Sedum lmceolutum (stippled) and without S. Imceolatum 
(empty). Sarnple sizes are indicated above the plots. There was a signincant effect of S. 
lanceolàtum presence in both 1997 (p==.009) and 1998 (p=û.012). 



DISCUSSION 

Female P. smintheus nectar-feed on flowers of a variety of plant species and aithough 

fernales alighted fiequently on the larval host plant, S. Imceolatwn, they did not prefer it 

as a landing site. The results indicate that S. lmceolatum was abundant dong flight paths 

in this study and that females landed opporiunisticaiiy on this ample nectar source. This is 

further supported by the few significant departures fiom the random expectation of 

landings on the other flower species. The preference detected for Senecio cmus may be 

attributed to sorne characteristic of this plant for exarnple, its physical structure, its 

apparency, or the quality of its nectar. Senecio c m s  is a ta11 plant, between one and four 

decimetres tall; it stands above much of the surrounding vegetation and has a large 

composite flower head with bright yellow ray flowers (Moss 1994). Flower 

characteristics were not measured but rnay be of interest for hrther study of search 

behaviour and leaniing in P. smintheus. Stanton (1982) found that Colias philodice 

eriphyle butterflies confused their preferred host plant, Vicia americunu, with two other 

legumes, Lathyms leucmths and Astragalus demmbens, and postulated that it was due 

to their similarities in leaf shape and sue. In a survey of Swedish buttedies in the field 

W u n d  (1984) noted that species most successfùl at aîighting on hoa plants, had host 

plants that extended above the surrounding vegetation or were brightly coloured, and 

were therefore mon apparent to searchlng females. In laboratory experiments it has been 

shown that Pqiiio mthus butterflies can leam to feed on different coloured flowers 

depending on nectar reward ( 'osh i ta  et aï. 1999). Because fioral phenology and 



leaming affect landing fiequencies in other buttedy species (see also Stanton 1984, 

Renwick and Chew 1994), a larger sarnple of tlight paths over the entire P. mintheus 

fiight period may identiQ seasonal landing site preferences. P. mintheus on 

Jumpingpound Ridge are known to live up to twenty days (Roland et al. in press) and are 

active d u ~ g  sumy hours. Therefore, the flight path observations in this study represent a 

small portion (5 to 38 minutes) of the lifetime activities of a femaie. 

Observed rates of net displacement in all rneadows were greater than CRW mode1 

predictions and indicate that femaies either have greater movement rates than expected 

from random or that they do not behave in a Markovian manner. Independent caiculations 

for serial correlation in tum angle and step Iength show that females do not behave in a 

first-order Markovian manner in the non-habitat meadow. This suggests that females in 

the poor- and good-quality meadows move further than expected from the CRW 

prediction. Results fiom the bootstrap simulation of "random" net displacements indicate 

that females behave dflerently in non-habitat and habitat meadows. Females codormed 

more closely to 'kandom" net displacement expectations in the non-habitat meadow than 

in the habitat meadows, where females tended to dispiace fûnher than expected. Female 

P. smintheus movements in poor- and good-quality habitat meadows were serially 

correlated and resulted in greater displacements than expected (CRW and Bootstrap), 

suggesting that females direct their movernents in these two suitable meadows. This 

dVectedness is perhaps in response to the spatial distribution of resources, includiig nectar 



plants or the lmal  host plant, S. Imceolatum. Bromer and Fred (in press) 

demonstrated that the distribution and isolation of adult nectar resources and lasval host 

plant patches afKect the movement of adult P. apollo. The seerningiy uncorrelated 

rnovement behaviours of females in the non-habitat meadow in my study and the bootstrap 

simulation results suggest that females P. minrheus move randornly and that their 

movement is not directed in the non-habitat meadow. These findings are similar to those 

for Etlphyàkyc~s edztha bayensis butterflies, which exhibit random flight in non-habitat and 

more dkeded flight w i t h  50 metres of habitat (Harrison 1989). 

The lack of significant dEerences in step length and tum angle behaviours between 

habitats results in part from the extremely low power of the analyses. However, females 

did tend to tum more sharply and have smder step lengths in the good-quality meadow 

than in the non-habitat meadow. Both of these patterns were expected and have been 

noted in other species of butterfly CoIias philodice eriphyle ( S  tanton 1 982) and 

Euhpydyas editha (Odendaal et al. 1989). The combined effect of these two behaviours 

resulted in greater net displacements in the non-habitat meadow than in the poor- and 

good-quality butterfly meadows. The net displacement continued to increase in the non- 

habitat meadow with increased number of steps. In contrast the net displacement leveled 

off in the butterfly meadows afler approximately ten steps. This finding conforms to the 

results for the Fender's Blue (Schultz 1998) where the net displacement was greatest for 

butterflies movhg in non-habitat. Movement obsewations indicate that females perceive 



the non-habitat meadow as diEerent fkom either of the two buttedy meadows. 

Movement patterns discussed above are reflected in the natural oviposition observations, 

despite the absence of a statisticdy sigxufïcant effect of habitat quaiity on the number and 

proportion of landings that resulted in oviposition. The obseivation that almost aii 

ovipositions occurred in suitable @oor- and good-quality) meadows supports the original 

hypothesis that females will retain eggs and travel greater distances between ovipositions 

in non-habitat meadows. It is interesting to note that the distances traveled between 

oviposition events in the two butterfiy meadows were sirnilar. This observation suggests 

that females in habitats containhg the larvai host plant will oviposit at regular intervais, 

regardless of host plant density. Detection of these pattems was hampered by srnail 

sarnple size and hence, low power. 

Caged experiments on oviposition support the pattern of retention of eggs by females in 

non-habitat. These experiments also indicate that some chernical or physical cue, or both, 

fiom the larval host plant stimulates oviposition, despite the fact that the actual oviposition 

occurs off of the host plant. Females are therefore capable of assessing the suitability of a 

meadow for their larval of f sp~g ,  and may detect and search for S. lanceolatm 

oviposition cues duMg flight, or upon landing. In a survey of the chernical mediation of 

oviposition in Lepidoptera, Honda (1995) stated that chernicals fiom host plants often 

help attract ovipositing females. More detailed behavioural and physiological 



experimentation is required to idente what is eliciting oviposition response in P. 

smintheus fernales. 

Understanding why P. smintheus oviposit off of the host plant requires tiirther study and a 

more detailed understanding of their biology and that of S. lmceolahrm. This 

phenornenon has been observed in other butterflies: including other Pamussius sp., 

Speyeria sp., Bolorza sp., and the families Satyrinae and Hespeninae (Scott 1986). The 

following reasons have been postulated for ovipositions off of the host plant: (1) inability 

of female to locate l a d  host plants (Stanton 1982); (2) avoidance of exposure of eggs 

to predatodparasite complex associated with host plant @ethier 1959, Singer 1984, 

Mappes and Kaitala 1995); (3) evolution of a shift to a new host plant species (Wiklund 

1975); and, (4) the cause or consequence of mobility of newly hatched larvae (Chew 

1977). Species that ovenvinter as eggs and whose larvae feed on herbaceous host plants, 

often oviposit offthe host plant (Wiklund 1984) and oviposition site selection on the host 

plant may not be as critical for species with overwintering eggs or larvae where parts of 

the host plant senesce (Scott 1986). P. smintheus ovenvinter in the egg stage and 

although S. Imceolahrm is a perennial plant, its flowering stalk senesces. The spatial 

distribution of S. lmceolancni does not var- greatly fiom year to year because it is a 

perenniai and may live many years (Clausen 1975), therefore, oviposition in the polamity, 

or on senescing portions of S. Iànceolatum remains advantageous for P. mintheus. 



Both P. smintheus (this study) and P. clpolo (Deschamps-Cottin et al. 1 997) females 

preferred ovipositing on the artificid substrates presented to thern. P. apollo laid the 

majority of eggs on walls and tissue paper rather than the host plant and P. smintheus laid 

the majority of eggs on the screening of the enclosure. P. apollo did, however, oviposit 

proportionately more oflen on the host plant than did P. smintheus (Table 2-5). The 

sirnilarities in oviposition behaviours detected in P. smintheus and P. apollo mentioned 

above, and the observations that P. cIociius oviposit on or near its host plant Dicentra 

f m o s a  (McCorkle and Hammond 1985) and that P. mnemosyne scatter their 

complement of eggs over a wide area where the larval host plants (Co~daIis c m  and C. 

soli&) are found (Meglécz 1998), suggest that there may be evolutionary constraints on 

oviposition behaviours within this genus. 

Table 2-5. The percentage of eggs laid on artifid, host plant, and other substrates in the 
caged oviposition experiments for Parnassius @llo and Pamamius smintheus. 
Percentages were calculated from a total of 1696 oviposition events by 25 P. ~ l i o  
femaies. For P. mintheus estimates were caiculated nom 70 eggs laid by 1 1 fernales in 
1997 and 130 eggs laid by 10 females in 1998. P. q l I o  was oniy exposed to host plant 
and artificial substrate whereas P. sminrheus females were in contact with aitemative 
nectar source, soil and other plants. Data for P. q p l l o  was taken fiom Deschamps-Cottin 
et a1.(1997 ). 

Egg iaying Site 1997 1998 Season 

Host plant 31.2 2.8 1.5 

Other .. 15.3 10 



Given that female P. smintheus do respond to the presence of the larvai host plant, the 

absence of S. ImceoIatum in the non-habitat meadow may explain the consistently greater 

net displacement of females released in the non-habitat meadow than of females released in 

the two butterfiy meadows. Although there were different densities of S. ianceolatum in 

the poor- and good-quality buttertly meadows, female flight behaviour was sirnilar and net 

displacements between ovipositions were almost identical. Females may respond to the 

host plant at a fairly couse scale and consider habitats with S. lanceokafum as suitable 

habitat and yet not discern finer sale differences in quality of habitat (concentrations of S. 

lmceolatum); again, because they do not respond directly to the host plant. It should aiso 

be noted that the difference in S. Imceokatum density was not very large in the bunertly 

meadows (Table 2-2). 

The results from this study suggest that female P. smintheus cm assess meadow 

suitability. This response iikely plays an important role in detennining the distribution of 

populations in the landscape because female buttedies will: (1) tend to remain w i t h  

habitat containing the larval host plant and displace at faster rates in non-habitat (meadows 

not containing S. Imceolatum); and, (2) oviposit in habitats containing variable densities 

of the host plant and retain eggs in non-habitat. The results support the tindings fiom 

marWrecapture work by Roland et al. (in press) that P. smintheus adults on 

kmpingpound Ridge are fhkly sedentary and do not move often between patches of 

suitable habitat, and firther indiuites that fernaies encountering non-habitat wiil iikely 
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Chapter 3 

PARALASSIUS SWW~?YEUS LARVAE CAN MITIGAE OVIPOS~TION "ERRoRS" OF AûüLT FEMALES 

"The tiny world of the lava, a single plant or even a single le&, contrasts with the world 

of the adult, which may be several hectares (or acres) to several kilometres squared in 

extent, or even larger," (Scott 1986). 



I~JTRODUCTION 

Most buttefflies have phytophagous larvae which specialize on one or a few closely related 

species of plant -ch and Raven 1964, Chew 1975, Singer 1984). Larval survival, 

therefore, depends on their establishment on a suitable host plant. Larvae of the alpine 

butterfly Pant~~s i t l s  mintheus are monophagous, feeding solely on lance-leaved 

stonecrop, Sedum lanceolatum Torr. (Crassulaceae), over much of their range, including 

Alberta (Fisher 198 1, Scott 1986, Sperling and Kondla 199 1). Pumussius sp. larvae not 

only obtain nutrients fiom Sedum sp. plants, they also sequester the cyanoglycoside, 

sarmentosin, into their tissues (Nishida 1995). This bitter compound has been found in 

eggs and adult buttedies of P. phoebus and P. @O and i s  believed to play a role in 

predator defence (Nishida 1995). Although females of some Lepidopteran species 

facilitate larvai search for host plants by preferentidy alighting on and selectively 

ovipositing on suitable host plants (Haribai and Renwick 1998), P. smintheus females do 

not oviposit directly on the host plant (Chapter 2). These "errors" in oviposition site 

selection by P. mintheus femaies mean that newly-hatched larvae must rnove to find a 

suitable host plant. It is generally thought that Lepidopteran larvae have little ability to 

locate lard host plants in the early stages (Singer 1984, Mayhew 1997). Factors 

iduencing P. miinthes lard search success may, therefore, have important implications 

for habitat suitability and habitat quality. 

Successfùl establishment of P. smintheus larvae on S. Imceolmm depends on factors 



intemal and extemal to the larvae. Internai factors which contribute to larval search 

success are larval mobility and larval search ability. For many species little is known of 

these intemal factors @ethier 1959). Due to their small size and mode of locomotion 

Lepidopteran larvae are hited to the area within tens of metres of their hatching site, 

except species that "bdoon". Search ability refers to the ability of individuals to detect 

and orientate to the host plant according to physical cues (tactile and visual) or chernical 

cues (olfactory and gustatory) associated with the host plant (Bell 199 1). Tactile setae 

physicaily allow them to perceive the substrate and surrounding environment and are 

distributed on larvd antemae, mouth, head and body (Scott 1986). Chernical receptors 

for smell and taste are located on larval antennae, mouth parts, head surface, legs, last 

prolegs and body (Scott 1986). Research of Lepidopteran vision has demonstrated that it 

is diEticult to quanti& its role in host plant search. It is known that larval eyes, consisting 

of two sets of six lateral ocelli (or stemmata) lying on either side of the head, can 

distinguish W and colour (Weiss et al. 1944, Ishikawa 1969, Saxena and Goyal 1978). 

Lateral ocelli are ali  stmchiraily similar but may Vary withii individuals, between 

individuals of the same species, and between species (Dethier 1942, Singleton-Smith and 

Philogène 198 1). It was originally believed that Lepidopteran eyes could not function at 

distances greater than a few centimetres @ethier 1959). This beiief is supported by 

findhgs that Pieris species lame are unable to locate food plants more than a few 

centimetres away (Chew 1974). Research on gypsy moth (Lymantriu dislpca) lawae 

however, has found that individuals can detect foms fiom 50 cm away and can likely 



60 

detect cmde shapes up to a distance of three metres (see discussion in Roden et al. 1992). 

Despite the broad distribution of P. smintheus in North America linle is known about the 

natural history of its larvae; pnor to this study no behavioural studies had been conducted 

and only three larval instars had even been descnbed (Edwards 1885). 

Success of larval search, although dependent on both mobility and search ability, is 

complicated by extemal factors which S e c t  the accessibility or availabaity of the host 

plant to the larvae. External factors which influence the accessibility of the host plant to 

the larvae include host plant abundance, distribution, apparency relative to the 

surrounding plant comrnunity, chernical composition, and the location of the host plant 

relative to the hatching site @ethier 1959, Cain et al. 198 1, McNeill and Southwood 

1978, Slansky 1992). In Chapter 4 the abundance and spatial distribution of the host plant 

were studied in Jumpingpound Ridge meadows and related to populations of P. 

mintheus. It was discovered that the abundance of S. Icmceolahrm is positively correlated 

with P. mintheus populations, but that the spatial patteming of S. Ianceolaturn does not 

vary among meadows. The spatial patteming of feeding damage suggests that larval 

feeding is distributed randornly among available S. lmceoIahcm plants (Chapter 4). This 

chapter attempts to assess more directly whether laml  search and feeding behaviours 

exhibited in a laboratory setting are random, or iflarvae are attracted to the host plant. 

The present study furthers our howledge of P. smintheus natural history and examines 
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the ability of monophagous larvae to move and to orientate to their host plant. Quantifjmg 

larval mobiiity and search behaviour may improve our understanding of the habitat 

requirements of P. smintheus by explainhg why suitable meadows support different 

population sizes and densities of adult P. smintheus on Jumpingpound Ridge, Kananaskis 

Country, Alberta (Roland et al. in press). 

OBJECTIVES 

1. To find l a r d  P. mintheus in the field, to identify their food plants, to l e m  more 

about their natural history and to detemiine the number of larvai instars. 

2. To determine how far naive, first-instar P. smintheus are capable of moving to their 

host plant in a simple, two-dimensional environment. 

3. To assess whether experienced, late-instar P. smintheus movernent is directional 

towards the larval food plant. 

METHoDs 

Study Site, Field Observations and Larval Collections 

Land surveys were conducted in the foothiils of the Canadian Rocky Mountains on 

Jumpingpound Ridge, Kananaskis Country, Alberta (Fig. 3- 1). Jumpingpound Ridge is a 

chah of nineteen subalpine meadows separated fiom each other by intervening forests of 

lodgepole pine (Pims contortu), Engelmann spruce (Picea engelmanniz) and subalpine fir 



Jurnpingpound Ridge 

Fig. 3-1. Meadows on Jumpingpound Ridge (50 O57'N, 114O55' W). Meadows above 
treeline have each been assigned a letter and are separated fiom one another by different 
distances through forest. 



(Abies ltzsiocarpa)). The vegetation of the meadows is dominated by white mountain 

avens (Dtyas octopetufa ssp. hookerianci), grasses, sedges and other wildflowers, and al1 

contain the l a r d  host plant S. lmceoiatum. During June and July of 1998, meadows on 

Jumpingpound Ridge were searched for larvae of P. mintheus. Larvae were foliowed and 

their locations and behaviours were recorded. The substrates and food plants were 

identified and the parts of the plants consumed were noted. Larvae were collected in the 

field and brought to the University of Calgary Kananaskis Field Station at Bamer Lake for 

laboratory experiments on late-instar larvae. Larvae were maintained at room temperature 

(-19°C) and fed S. lmceoiafum collected in the Jumpingpound Ridge rneadows. 

Laborntory Rearing o f  lamie 

Eggs were collected fiom mated females in August, 1998, and were kept in a fiidge at 

4'C until the third week of April 1999, at which time they were placed at room 

temperature (-19°C) in a petri plate with moist filter paper. Dunng the following week, 

twenty-two larvae hatched fiom over forty eggs. These larvae were placed into individual 

50 mL SOLOa cups, with a piece ofpaper for protection fiom the light and were moved 

to a growth chamber(l6h:8h 1ight:dark regime). Containers were changed regularly to 

avoid fùngai growth and were checked daily for rnortality and moultings. Lamae were 

initiaily fed a greenhouse species of Sedum, S. sexangtrlme (six-sided stonecrop) and later, 

foliowing a cuUection of their host plant, S. lmceolclfum, fiom Prairie Mountain, 

Kananaskis Country, Alberta (50 O 57N, 1 14 O 55 W) on May 9, 1999, they were offered a 



choice of eit her S. sexungulure or S. Imceoluturn. 

Fint-Instar Mobility Study 

Eighteen, first-instar larvae were studied within 24 hours of hatching, pnor to exposure to 

S. /mceolatum. Xndividuals were released ont0 a sheet of paper, left to habituate to the 

paper for five minutes, and then their locations were recorded over a 5 minute period at 

ten-second intervals. Locations were later converted into Cartesian coordinates. Step 

lengths were considered the distance moved in a ten second interval and tuming angles, 

the change in direction, in degrees, between steps. To estimate potentid displacement of 

newly hatched larvae fiom the egg-laying site, the following movement behaviours were 

summarized: the total distance moved in five minutes, the net displacement fiom the 

beginning of the study penod until the end of the study penod, the speed when moving 

and the tuming direction. 

Late-Instar Search Ability 

Larvae coilected in the field in the sumrner of 1998 were releaseâ at distances of 1 cm, 2 

cm, 4 cm, 8 cm, 16 cm and 32 cm fiom a host plant, consisting of a rosette and an 

inflorescence. Experiments were conducted in a clear Rubbennaid@ container (24 cm by 

36cm, and 13 cm deep) lined with coarse soii (1 cm deep) coiiected in Jumpingpound 

Ridge meadows to provide larvae a more natural mbstrate for crawüng (Fig. 3-2). Larvae 

were not fed for twenty-four houn prior to experimentation. 
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L a r d  paths were transferred directly ont0 a sheet of paper with a grid 0.5 the scale of the 

observation arena. T h e  intervals were recorded at locations dong the path where 

individuals changed direction or behaviour. Each of these locations was assigned a 

Cartesian coordinate to be used later in movement analysis. Behaviour of late instar larvae 

included: 1) crawiing - larva moving forward and entire body in contact with the 

suhstrate; 2) stationary - larva not moving and entire body in contact with the substrate; 

and 3) head wave - larvae is stationary and the posterior portion of the lama remains in 

contact with the substrate and the antenor portion is raised above the substrate (at 

approximately 40 degees above the substrate) and is moved left or right, or both, before 

the antenor portion is lowered to the substrate (Fig. 3-3). The t h e  for its head to contact 

the host plant was also recorded. 

1 tested whether distance to the host plant affected the probabiiity of larvai search success 

using a iogistic regression. The efficiency of larvae to locate host plants at increasing 

distances was also estimated. Two measures of search efficiency were calculated at each 

release distance: (a) distance efficiency: the total distance moved by larvae pnor to 

locating and contacting S. lanceolatum divided by the straight line distance from the release 

point to the host plant. Values of 1 would be perfect efficiency, with greater values 

indicating less efficiency; and (b) tirne efficiency: the total thne between release to locating 

and contacting l'ceolatum was divided by release distance. Again, larger values 

indicate poor search efficiency and smaller values greater search efficiency. Search 



larval path t 
,/- rel ease di stance * 

Fig. 3 -2. Experimental set-up for late-instar larval search ability experiments. The 
container was hed with coarse soü, 1 cm deep. The solid h e  represents the larval search 
path tracing and the doaed line represents the release distance. Larvae were released at 1, 
2,4,8, 16 and 32 cm fiom the host plant, Sedunt Im~ceoIatum. 



Fig. 3-3. Head-wave behaviour exhibited by late-instar P. smintheus larvae. The head and 
first few segments of the larvd body are raiseci above the substrate moved right or lefi, or 
both, and then lowered back down to the substrate. Original black and white sketch of P. 
smintheus larvae is fiom Bird et al. (1 995). 
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efficiencies were plotted against release distance to visuaiiy assess if the efficiency of larval 

search varied with release distance. 

1 also tested for the directionality ofthe initial moves of individuai larvae. The deviation of 

the f h t  and second tum angles from the straight Iine to the host plant were calculated for 

each individual tested. The mean and median deviation angles for the £Ùst and second 

move of larvae at each distance were caiculated (Zar 1996; pages 428-429). For both 

moves at each distance, a pararnetric one-sarnple test for the mean angle and a non- 

pararnetnc test for the median angle were conducted (Zar 1996; pages 445446); the nul1 

hypotheses were that the mean angle and median angle were not dinerent fiom zero. 

RESULTS 

Objective 1: Natural History of P. smintheus larvae 

Thirty-three late instar larvae (fourth or fifth instars) were located during searches on 

Jurnpingpound Ridge. They were found on a variety of substrates including: S. 

lanceolahrm, dead gras, lichens, moss, leaf'litter, and soil under rocks. Field observations 

of larval feeding suggest that larvae consume only the innemst leaws of S. /mcedahrm 

infertile and fertile rosettes; they were not observed feeding on any other plant species. 

One individual placed its mouthparts around a basal leafof a Saxifrage plant (Saul~agu 

bronchiolis) and but did not make any noticeable fdmg marks on the le& 
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Lamae were most active d u ~ g  shori sunny spells and generaiiy inactive during extended 

periods of bnght sunshine or cloud cover and precipitation events. During a hail storm 

larvae moved away from their marked locations and could not be relocated. Larvae moved 

up to 34 cm in any one rnove and one individual crawled more than 40 cm to reach a S. 

Imceol' plant for feeding. Some larvae passed over, or near S. Ianceohum plants and 

did not necessarily move to the closest plant to resume feeding. 

Five larval instars were identified fiom laboratory rearing of larvae (Fig. 3-4). In their Brst 

instar larvae are entirely black and have abundant setae distributed over their body. In the 

second instar larvae develop yellow spots which are present in the remaining three instars. 

Objective 2: Fint-Instar Larval Mobility 

Out of the 18 larvae tested, thirteen moved during the trials. The sumrnary of movement 

behaviours for "moving" individuals in the absence of the host plant is provided in Table 3- 

1 .  Non-parametric one-sarnple tests for the median tum angle reveal that ody three 

caterpiüars of 13 had a preferred nim direction in the absence of the host plant (Fig. 3-5). 



Fig. 3 4 .  Schematic We-cycle and phenology of P-us mintheus on Jumpingpound 
Ridge. The drawing of the larval host plant, Sedbm lanceol~um, is taken from Clausen 
(1975). 



Table 3- 1.  Movement behaviour of 13 first-instar larvae of P. mintheus in a two- 
dimensional environment. The range and median value of 10 second intervals, in a five- 
minute study period, during which larvae were moving, the total distance traveled (cm) 
during the study period, the net displacement (cm) during the study penod, and the speed 
of movement (crnkec). 

Behaviour Range Median 

number of intervais moved 4 to 25 10 

total distance moved (cm) 1.7 to 19.3 5.1 

net displacement (cm) 1.2 to 8.7 1.2 

speed of movement (cm/sec) 0.034 to 0.092 0.052 



O not significant 

Fig. 3-5. Median turn angles (degrees) summarize tuming behaviour of individual first- 
instar Iarvae. The soiid and open circles represent median turn angles which do dEer 
sigdcantly fiorn zero (pC0.05) and median turn angles which do not dSer significantly 
from zero, respectively. 



Objective 3: Late Instar LarvPl Search Ability 

Locating the host plant, S lanceolontm 

Individuai larvae that intercepted the wall of the enclosure while moving were removed 

from the foliowing analyses because the enclosure walls may have redirected individuals 

towards the host plant. Encounter rate with the wall increased with release distance and 

was greatest for the 32 cm release distance; therefore, releases at 32 cm were removed 

from analyses. Late-instar larvae placed at different distances f?om the larval host plant 

were equally successfiil at eventually locating the larvai host plant (Fig. 3-6), within the 

arenas provided (distance coefficient=0.047, change in residual deviance=O. 503, p=0.48). 

Removing individuals that hit the wall of the enclosure dunng search did not affect the 

outcome of the logistic regression analysis. Both distance efficiency and search efficiency 

indicate that larvae are more efficient at contacting S. Ilmceok>rum plants at greater release 

distances (Fig. 3-7). 

Larval attraction to the host plant, S lanceolatum 

The median tum angles of larvae for the first and second move did not diaer significantly 

âom zero @<O.OS), which is directly towards the host plant; median turn angles indicate 

that l a r d  movements were biased towards the host plant at alî release distances for the 

first and second move (Fig. 3- 8 and Fig. 3- 9). 



successfûl 

unsuccessful 

Release distance (cm) 

Fig. 3-6. The results of individual late-instar laml  searches. h a e  were released at 1, 2, 
4, 8 and 16 cm from the host plant. There was no significant effect of release distance on 
search outcome ( ~ 4 . 4 8 ) .  
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Fig. 3-7. The negative time and distance efficiencies of larval search behaviour released at 
different distances (cm) from the host plant. Larger values indicate poor search efficiency 
and smaller values, good search efficiency. 



1 cm* 

Fig. 3-8. The direction of the first move of aU larvae relative to the host plant (solid 
circles). The median angle of larval duectionality is indicated by the arrow for each release 
distance (1,2,4, 8, 16 and 32 cm). The dashed iine represents the straight line between 
the release site and the host plant, and * indicates significant depamire from straight he 
direction to the host plant, p<0.05. 
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Fig. 3-9. The direction of the second move of ail larvae relative to the location of the host 
plant (solid circies). The median angle of larval directionality is indicated by the mow for 
each release distance (1,2,4, 8, 16 and 32 cm). The dashed iine represents the straight 
iine between the end of the first move and the host plant, and * indicates significant 
deparhire fiom straight line direction to the host plant, pCO.05. 



DISCUSSION 

Field observations of late-instar Pmassius mintheus larvae support earlier naturalist 

accounts that they are monophagous, feeding on S. Ianceolatum (Speriing and Kondla 

1991). It is important to note, however, that no early-instar P. mintheus larvae were 

found in the field presumably because of their srnaii size and cryptic colouration. Cain et 

al. (1985) reported that younger larvae of Pieris ;c+e have a harder tirne locating host 

plants than do late-instar larvae. The relative irnmobility of the early-instar P. smintheus 

larvae likely renders them the most vulnerable to starvation; therefore, knowledge of 

feeding plasticity or alternative host plants at this life-cycle stage would improve Our 

understanding of the habitat requirements of P. smintheus. The mobility of late-instar 

larvae was supnsingly high in the field suggesting that P. smintheus larvae are physicaily 

capable of movement to or between host plant patches on Jumpingpound Ridge. 

Shelter from the prevailing weather is another requirement of late-instar P. mintheus 

larvae. The gras and rock shelter-sites identified during field observations will be 

considered in the assessrnent of habitat suitabüity in Chapter 5. Larval activities ofP. 

smintheus were restricted by the weather, movement and feeding occurred mainly in cool 

air, in s u ~ y  conditions. A sirnilar pattern was also seen for P. ph (Deschamps-Cottin 

et ai. 1997). The fact that some larvae passed directiy over or in close proximity to S. 

Iunceolafum without establishing on the plant suggests that larvai search abilities may be 

impaired or complicated by other features of their environment. Larvae of the nymphalid 
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butterfly Melitaea hmisii have also been observed travelling within millimetres of host 

plants (Aster unrbellrrns) without establishing on them @ethier 1959). Similady, Pieris 

r q e  larvae detect their host plant, Brmsicu oleceracea, only &er physically contacting 

the plant (Cain et al. 1985). 

Larvae ofP. smintheus reared in the laboratory had a total of five instars. Lab-reared P. 

apolh also has five instars (Moser and Oertli 1980). Despite high Ievels of activity within 

24 hours of hatching in the laboratory, there was substantial first-instar mortality and many 

larvae would not consume the alternative host plant (S. sexongrrlare) offered to them. It is 

possible that the alternative host plant did not induce feeding in many of the lame because 

it was unacceptable as a food plant. Edwards (1885) also found that laboratory reared 

early-instar caterpillars of P. smintheus consumed wild Sedüm (species unknown) but did 

not accept cultivated Sedum species. Larvae which survived to their second instar al1 

suMved to adulthood. First-instar larvae partly consumed S. sexanguIiwe and S. 

Imceolatum leaves, a fact also observed by Edwards (1 885). In later instars, lama1 feeding 

damage on S. Ianceolùtum rosettes was restricted to the internai leaves ofthe rosette, 

which were entirely wnsumed. In P. upollo feeding occun mainly in the area of the apical 

buds of rosettes, where leaves are youngest (Deschamps-Cottin et al. 1 997). Many 

factors, including plant age (Slansky 1992) and season (McNeili and Southwood 1978, 

Moser and Oertli l98O), cause tissues of host plants to Vary in quality for insect herbivores. 

It is possible that the young leaves of Sehm sp. offer the greatest nutrient reward to 
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Parnasius sp. larvae or that they have less chemical defenses. It is known that leaves and 

flowers of S. lanceobtum have the highest energy content per gram of its plant tissue (Jolls 

1984). Feeding damage noted in the lab and in the field was isolated to a very srnail 

portion of the plant which suggests that larval P. mintheus must migrate frequently 

between plants to complete development. 

AU mobile, first-instar larvae moved from their i t ia l  position during the five-minute study 

period but ody three out of fifteen exhibited a directional preference (Fig. 3-5). The 

displacements observed suggest that larvae will move away from their hatching site. 

Although no strong environmental effects were present in the laboratory setting, field 

observations suggest that late-instar movement is restricted to s u ~ y  conditions. This 

requirement for sunlight is expected because (ectothermic) caterpillars depend on the 

extemal environment to control their body temperature (Casey 1992). I combined the 

findings frorn the first-instar mobility study with the hours of bright sunshine data for the 

Kananasksis coliected at the University of Calgary Kananaskis Field Station at Barrier Lake 

(5 1 "02TJ, 1 15 '03 W, approxhately 10 km northwest of Ampingpound Ridge) for June 

(the month of peak l a r d  activîty), to predict the distance traveled by individuals within the 

first 24 hours following hatch. From 1990 untii 1998, the hours of bright sunshine per day 

in the month of June ranged between O and 14.1 and averaged between 4.4 and 7.7 per day. 

Fust-instar larvae would move on average 2.55 m to 4.77 m and at most 32.6 m w i t h  24 

hours d e r  hatching. Many unfed first-instar Lepidopteran caterpiilars, inciuding P. 
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smintheus (personal observation) c m  move for more than one day without food (Reavey 

1992). These distances therefore can be considered conservative mobiiity estimates. When 

applying laboratory observations to a field setting, the daerence in complexity of the two 

environrnents should be considered. Larval observations in the laboratory were conducted 

in a simple, two-dimensional study arena. In contrast, lamae hatching in the field 

expenence a complex three-dimensional environment with abundant physical obstacles, 

such as vegetation, predators and parasitoids, and large variation in microclimate. Larvae 

also receive sensory information, including chernical, temperature and humidity gradients 

that are absent in the laboratory setting (Wellington 1955). Despite these differences it is 

clear that fint-instar larvae are mobile and may be able to move to a host plant foliowing 

hatch and mitigate oviposition "errors" made by adult fernales. 

From experiments described in Chapter 2 and Chapter 4 adult fernale P. smintheus are 

hown to oviposit at random locations in suitable meadows. The circular plots laid out at 

random in the Jumpingpound Ridge meadows, which 1 used for S. Imceolafum mapping 

(Chapter 4 )  thus simulate natural oviposition sites. Habitat suitability for P. smintheus may 

depend on the particular distribution of S. Imceolutum within meadows, combined with the 

ability of lamae to move fiom random oviposition sites to lmceeoltzmz plants. in each 

of the suitable meadows on Jumpingpound Ridge a S. hceo lu tm plant was within 2.5 m 

of at least 73% of randornly chosen locations. It appears that random oviposition in these 

meadows would therefore place most first-instar larvae within the mobility range of a host 



plant. 

DEerences in distances at which larvae were released fiom the host plant (O to 16 cm) 

would not be expected to affect larvai search success. This hding fùrther demonstrates 

bat random oviposition by adult females rnay not be as costly as first suspected, given the 

density of plants in the field. Larval search ability rnay be either the cause or the effea of 

the failure of adult females to discriminate between suitable and unsuitable oviposition sites 

(Chew 1977). In the presence of the host plant, late-instar larvae did not move in random 

directions. Rather they orientated to the host plant in a laboratory setting suggesting that 

their use of chemical or visual cues to find hoa plants. Further experimentation is 

necessary to identie the precise mechanisms, perhaps head waving, which lead larvae to 

the host plant. It is important to remember, however, that larval motivation for movement 

rnay not aiways be a search for food resources. DiEerent motivation rnay also explains why 

the spatial point pattern of feeding damaged S. ImceoIatum plants in Chapter 4 appeared 

random and not aggregated. Release of larvae in manipulated densities of S. kmceolutum 

and in a variety of vegetation complexities in the field rnay provide more realistic estimates 

of P. mintheus laval search ability than those obtained eom laboratory study. It is 

interesthg to note that lmae were more efficient, both in ternis of distance traveled and 

time taken to reach the host plant at greater release distances. Erron associateci with 

measurements of Iarvd movement distances rnay have hindered abilities to quanti@ real 

distance search efkiencies (Fig. 3-7). for example, error in measurement of distances 



moved is constant, the sarne error 4 1  have a much greater eEect on the calculation of 

search efficiency at a release distance of 1 cm than at a release distance if 16 cm. The sarne 

is tme for the calculations of time efficiencies. More controlled experimentation 

specifically addressing search efficiencies may reveal a distance at which larvae are most 

efficient at locating host plants. It is apparent fiom these preliminary studies that P. 

smintheu-c lawae art? highly mobile and capable of searching for their l a m l  host plant, S. 

lanceolatum. Both abiiity and search capability are cntical for a species whose females do 

not selectively oviposit on suitable host plants (Janz and Nylin 1997). 
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Chapter 4 

PAIU~ASUUS DIIMXEUS ADULT FEMALE AND LARVAL BEHAVIOUR IN RESPONSE TO HOST 

PLANT ABüNDANCE AND SPATIAL PA'ITERN 

"As the population of (food plants) in a given field increases, the number of larvae which 

will complete their development increases not because of the greater absolute food supply 

but because plants grow closer together," (Dethier 1959). 



INTRODUCTION 

Butterfiy population size and distribution are constrained by the availability of suitable 

habitat. A suitable habitat contains al1 the resources required for the s u ~ v a l  of a 

population for many years (Hanski and Thomas 1994), and may not be continuous over the 

spatial extent of a population, existing hstead as fiagrnents or patches. Long-tenn 

persistence of buttedy populations depends both on the maintenance of patches of suitable 

habitat and their sustained quality (Thomas et al. 1992, Hanski and Thomas 1994, Dennis 

and Eales 1997 and 1999, Eales and Dennis 1998 Mousson et al. 1999). Habitat quality, in 

the context of butterflies, has traditionally been equated with the abundance of adult nectar 

plants andor lama1 food plants. Defining habitat suitability and quantifjmg habitat quality 

are essential steps in the process of understanding the population dynamics of buttedy 

species, and are needed to predict how changes to habitat may afTect populations (Hanski 

1991, Hanski et al. 1996, Kuussaari et al. 1996). 

Buttedies are short lived and all life stages have explicit resource requirernents. Many 

butterfly lamae feed on specific host plants, and as a result have more specialized resource 

requirements than do other life stages (Dempster 1983). Adult bunerflies require access to 

mates and nectar resources to provide them with the energy for füght, courtship and 

oviposition (Wiklund 1977). In some species adult females assess landing sites for larval 

suitability prior to decidhg whether to oviposit or not (for detaiied reviews of oviposition 

site selection see Dempster 1983, Thompson & PeUmyr 199 1, and Honda 1995). 
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Consideration of the resource requirements of both the larvae and the ovipositing females is 

necessary to develop a definition of habitat suitability for butterfiy species, and is critical for 

establishg conservation pnorities and goals for rare and threatened butterflies (for 

exarnples of conservation recornmendations for threatened buttefiees based on habitat use 

of adult females and larvae see SchwafzwaIder et al. 1997 and Bergman 1999). To 

sirnpli@ butterfly population models, many reseai-chers have censussed habitat patches, and 

have categorized patches as either suitable or unsuitable based on presence or absence of 

the larvd host plant. This type of modelling assumes that aii "suitable" habitats are equal, 

and overlooks the effects of habitat quality of suitable patches on the long-term persistence 

of species (Singer 1972, Thomas et al. 1992, Baguette and Nève 1996, Hill et al. 1996). 

Hanski (199 1) caiied for the inclusion of a habitat quality parameter in metapopulation 

models to make them more redistic. In an attempt to include habitat qualiîy in population 

models, Kuussaari et al. (1996) and Moilanen and Hanski (1998) demonstrated 

expenmentally and descriptively that at the s d e  of the habitat patch, habitat quality 

(measured as the abundance of f l o w e ~ g  nectar plants) determines movement of the 

butterfiy Melitma cinxia behveen patches: increased habitat gudity decreases emigration 

and increases immigration of M. cimio. Several other studies have clearly demonstrated 

that resource abundance affects the quality of habitat for butterfîy populations (Murphy et 

ai. 1984, Wfiarns 1988, Hairison et al. 1988, Odendaal et al. 1989, Carey 1994, Kuusaari 

et al. 1996, Sutcliffe et al. 1997, Bergman 1999). Few studies however, have 
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acknowledged or tested the potential importance of spatial pattem of a required resource 

as a component of habitat quality (e.g., see Root and Karieva 1984, Daily et al. 199 1). 

Fidings fiom cornputer models suggest that the distribution and abundance of a 

monophagous herbivore species is a product both of the availability and the spatial pattern 

of its food (Clarke et al. 1997 and 1998). Andersen (1992) proposes the use of spatial data 

analysis to study the effect of plant spacing on herbivore abundance. Detennining the 

spatial pattem of a required resource and establishing whether it is random, or diverges 

from random to a clumped or clustered spatial pattem or to a more regular or over- 

dispersed spatial pattern, may be important in defining habitat quality for an organism. A 

common method for analyzing the spatial point pattern for mapped locations is Ripley's K- 

function (Eùpley 1976; see Appendix B for a detailed explanation of Ripley's K-function). 

Ripley's K-fiinction is a secondsrder method which considers the distances between al1 

pairs of points to calculate the spatial point pattem and which esthates the spatial point 

pattem over a range of distances. It is considered an irnprovement fiom first-order 

methods which only use measurements fiom points to their nearest-neighbour to calculate 

spatial point patterns. Ripley's K-function has been used for a variety of plant ecological 

studies. Haase et al. (1997) studied the spatial pattem of shnibs, Larsen and Bliss (1998) 

studied the spatial pattem of tree seedlings, North and Greenberg (1998) studied the spatial 

pattem of M e s ,  and Hmod et al. (1999) studied the spatial pattem of ponderosa phe. 

It has been rarely used in animal ecological studies but Andersen (1992) studied the spatial 



interaction between host plants with aphids and ant nests, Burke et al. (1998) studied 

spatial pattern of turtle nests, and Powers et al. (1999) studied the spatial pattern of beetle- 

kiiied trees. In this paper, both the abundance and spatial pattem of a l a r d  host plant, d l  

be related to population estimates and behaviours of a monophagous butterfiy species. 

Larvae of the alpine butterfiy Pantassius mintheus are monop hagous, feeding only on 

lance-ieaved stonecrop, Sedum lanceoiutum Torr. (Crassulaceae). The distribution of P. 

smintheus is in efect restricted to areas that contain the larval food plant. For the most 

part, the distribution of P. smintheus in Alberta is limited to subalpine and alpine meadows 

(Sperling and Kondla 199 1). During collections for an ongoing genetic study of P. 

smintheus in the Eastern Slopes of the Canadian Rockies (Keyghobadi in preparation) it 

was noted that some meadows with the host plant did not have P. mintheus populations, 

indicating that the presence of the host plant does not necessarily indicate suitable habitat. 

Roland et al. (in press) found that forest impedes movement of P. mintheus adultq that 

the spatial structure of habitat affects its population dynamics, and that meadows of similar 

size can support populations of ver- dinerent sizes and densities. These facts suggest that 

not al suitable meadows are of quai quaiity for P. smintheus. Cornbined with the degree 

of host plant specialUation of larval P. mintheus, the observed effects of habitat quality on 

population sue prompted the present study of laival host plant effects on the population 

dynamics of P. mintheus. 



Aithough female P. mintheus do not lay their eggs directly on the l a d  host plant, S. 

Imceolutum presence does elicit oviposition (Chapter 2). This phenomenon has also been 

noted in closely related species, P. apollo (Deschamps-Cottin et al. 1997), P. clodius 

(McCorkle and Hammond 1985), and P. mnemosyne (Meglécz 1998). Because females 

oviposit off the host plant, hatching first-instar lawae must locate and move to a suitable 

host plant. Quality of meadows therefore, depends both on the ability of ovipositing 

females and of larvae to orientate to host plants. Successful orientation and establishment 

on a host plant may be a combination of both S. lanceolatum availability and its spatial 

pattern. 

The spatial arrangement of food resources cm affect the search success of a herbivore by 

iduencing its encounter rate with that resource (Stanton 1982). Because resources are 

typically not distnbuted at random (Stanton 1982) the spatial pattern of the larval host 

plant may affect butterfiy populations through larval and/or adult search success. The 

effect of the host plant, S. kimceolotirm, on adult female oviposition behaviour and larval 

search success was examined. The spatial arrangement and abundance of S. lunceolatum 

was related to oviposition sites and the patterns of Iarval feeding among available host 

plants was explorecl. It was predicted that both S. Imceolùtum abundance and spatial 

pattern affect the quaiity of meadows for P. mintheus and influence population size of 

adult and larval P. mintheus. 



OBJECTIVES 

1. To determine if the abundance of the larval host plant, S. lanceolatum, explains 

difEerences in population size of P. sminiheus among meadows on Jumpingpound Ridge, 

and ifP. smintheus population size is a surrogate for meadow quality as suggested by 

Roland et al. (in press). 

2. To determine whether or not the spatial pattern of S. Imceolanim can explain variation 

in population size of P. smintheus in Jumpingpound Ridge meadows. 

3. To determine if lamal feeding damage on S. lanceolatum is correlated with S. 

lanceolatum abundance a d o r  spatial pattern and if the spatial pattern of larvai feeding 

damage among available S. lanceoIatum plants is aggregated, regular, or appears random. 

4. To investigate whether or not adult femaie P. mintheus select oviposition sites that 

should improve the likelihood of l a a l  establishment on a food plant, S. l'ceolatum, 

compared to if they had oviposited at random. 

METHoDs 

Study Site 

Studies were conducted in the foothiiis of the Canadian Rocky Mountains on 

Jumpingpound Ridge, Kananaskis Country, Alberta (Fig. 4-1). Jumpingpound Ridge is a 

chah of nineteen subalpine meadows separated fiom each other by intemenhg forests of 

lodgepole pine (Pims coniorta), Engelmann spnice (Piceu engelmannii) and subalpine fir 

(Abies l a s i a t ~ r .  The vegetation of the meadows is domimted by white mountain avens 



Jumpingpound Ridge 

Fig. 4- 1.  Meadows on Jumpingpound Ridge, Alberta (50 O57'N, 1 14O55' W). Meadows 
above treeline have each been assigned a letter and are separated fkom one another by 
dïerent distances through forest. 
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(Dryas octopetala ssp. hoohriana), grasses, sedges and other wildflowers and all contain 

at least some of the lamal host plant, S. Imceolatum. 1 subdivided large heterogeneous 

meadows defuied by Roland et al. (in press) into submeadows based on more 

homogeneous plant comrnunities and on differences in aspect (Fig. 4-2). 

Parnussius smintheus Population Indicu or. Jumpingpound Ridge 

Population indices for adult Pmassius smintheus were generated from a mark-recapture 

study conducted in the summer of 1995 on Jumpingpound Ridge by Roland et al. (in 

press). For analysis arnong the submeadows 1 used the number of marked P. smintheus as 

an index of population size. For the analysis among the meadows I used Craig's method 

for estimating population size (Craig 1953, Southwood 1992, Roland et al. in press). 

Craig's method takes the number of butterflies that were recaptured once, twice, three 

times and so on, and based on an assumed Poisson distribution of capture predicts the 

number of butterflies never caught on that day. Summing the number seen and the number 

not seen provides an estimate of butterfiy population size. "Craig's estirnates" for each 

meadow represent the average estimate fiom three markhecapture events in each meadow 

(Roland et al. inpress). For objectives one through three both submeadow- and meadow- 

analyses were conduaed, and the relative strength (or dope) of their relationships to S. 

kànceoldum abundance end spatial pattern are discussed. Identifyllig the sale  at which 

resources Skct  populations is important for understandhg population dynaMcs of a 

species. IfP. sminfheus population indices are more correlated with resources at a smaller 



Fig. 4-2. Subdivided meadows on Jumpingpound Ridge. Divisions were determined based 
on aspect and general plant cornmunity. 
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scale (submeadow) than at a larger scale (meadow), this suggests that the distribution of 

resources is heterogeneous within a meadow and that buttedies restrict themselves to only 

some areas within meadows; movement within a meadow may be as important as 

movernent among meadows. Conversely if population indices are more strongly correlated 

with resources at the larger scale than at the smaller scale, movement within meadows may 

be of trivial importance. 

Population indices for larval P. mintheus were impossible to attain from standard transect 

counts or markkecapture techniques because larvae are extremely difiicult to locate in the 

field. Therefore, 1 used evidence of larval feeding damage on the host plant as a proxy for 

P. mintheus larvae. 

Sedum lunceolatum mapping 

S. lmceoinium is a herbaceous perennial with a broad distribution in Western North 

A m e r i q  occumng mostly in rocky and exposai areas (Clausen 1975). The leaves are 

aggregated into rosettes and inflorescences arke fiom fertile rosettes. S. lmceolutum can 

reproduce both vegetatively by rosettes and rhizomes, and sexually: it is insect pohated. 

JoUs (1980) demonstrated that S. imceo~utum plants invest proportionately more energy 

into asexud tissues (rhizomes, leaves and stems) at higher elevations than at lower 

elevations. Therefore, in alpine situations ramets rnay, in fact, be clonai. 



Submeadows on Jumpingpound Ridge were visited in the summer of 1998. Ten, five- 

metre diameter circular plots were randomly placed in each of the submeadows and the 

locations of aii ( f l o w e ~ g  and non-flowering) S. ZmceoZaturn plants within the plot were 

mapped and assigned Cartesian coordinates (Fig. 4-3). Plants were also assessed for 

presence or absence of lmal  feeding darnage and assigned a value of 1 or 0, respectively. 

Although some S. Ianceolaium plants were clonal, each rosette was considered as an 

individual, since they would act as independent food sources and can be metabolically 

independent (see North and Greenberg [1998] for similar consideration of clonal food 

plants). The spatial pattern of S. Ianceolatum is expected to be fairly consistent fiom year 

to year because of its perennial nature. Therefore, mapping of S. Icmceolatum in 1 998 can 

be related to population estimates nom mark/recapture of P. smintheus in 19%. As well, 

meadows with high P. smintheus populations in one year tend to have high populations in 

the subsequent years (Roland et al. in press). 

Female Oviposition Behaviour 

Mated adult female P. smintheus were caught, assigned an individual mark and released. 

Eight individuals were foiiowed in submeadow G4 and five were foiiowed in submeadow 

J2 (Fig. 4-2). Meadow G4 had a high density of butterfiies and 12 had a low density of 

buttedies and are therefore refemed to as high- and low-density meadows, respectively. 

The number of S. Ianceolutum within a 2.5-metre radius of each oviposition site was 

counted and each plant was mapped as in the "Sedum lmceolohrm Mapping" section, 
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Fig. 4-3. AU mapped locations of Sehm ImceoIatm plants within a 2.5 metre radius study 
plot (dashed line). The open circles represent the plants without larval feeding darnage and 
the fiiied circles represent plants with Imd f d h g  darnage. 



above. The abundance and proximity of S. Ianceokatum to the oviposition site and the 

spatial pattern of S. lanceokatum within 2.5 metres of the oviposition site (estimated by 

Ripley's Univariate K-function) were compared to the same estimates for the random plots 

used for objective 2. These estimates were made for both hi&- and iow-density meadows. 

Objective 1. To detennine if the abundance of the larval host plant, S lanceolatum, 
explains variation in population size of P. sm'ntheus. 

1 used linear regression to relate the mean number of S. lanceolatum in the circular plots 

for each submeadow and the number of marked P. smintheus. Similady, for whole 

meadows, 1 used linear regression to relate the mean number of S. imceolatum in the 

circular plots for each meadow to "Craig's estimates" for P. smintheus population size for 

the respective meadow. 

Objective 2. To determine whether or not the spatial pattern of S knceolatum 
explains variation in the population size of P. smintheus in Jumpingpound Ridge 
mcadows. 

In plots that had more than Meen S. loncooIahrm plants, Ripley's Univariate K-fùnction 

was cdculated. Calculations of Ripley's K-fiinaion on fewer plants were dficult to 

interpret, and had little power to detect depamires 60m randomness. Within each of the 

submeadows the results were quaütatively compared by identifjing general trends in 
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divergence fiom complete spatial randomness over distances, t, ranging f?om O m to 2.50 m 

at 0.10 m intervals. Submeadow estimates were pooled for the meadow-scale and trends in 

departure from complete spatial randomness over the range of distances, t, were similarly 

identifieci. 

Objective 3. To determine if Iarval feeding damage on S laneeolatum is  correlated 
witb S lanceolaîurn abundance andlor spatial pattern and if the spatial pattern of 
Iarval feeding damage among avrilable S lamedatuin plants is aggregated, regular, 
or appean random. 

1 used logistic regression to determine whether or not feeding darnage in the plots was 

related to the number of S. ImceoIatum in a plot. Plots were categorized based on the 

observed spatial point pattern of lmceolutum (clustered, regular or appeared random). 

The counts of plots with feeding darnage in each of these categories was compared to the 

same counts for plots without feeding damage using a G-test. Where a signiticant result 

was obtained, a sub-divided G-test was conducted to determine which groups were 

difTerent fiom each other. 

At both the meadow and submeadow-scales, the number of plots with feeding darnage was 

related to the abundance of S. lmceoloum using two regressions. First a generalized linear 

model, assuming normal errors, was tested for a iinear relationship between the two 

variables, in S-Plus (1999). Second, a non-pararnetric, generallled additive mode1 with a 

spline smoother (three degrees of fieedom) was fitted and compared to the linear mode1 to 



detennine whether there were any additional, non-linear eEects of S. lanceolatum 

abundance on the amount of l a r d  feeding darnage. 

To test for association between the pattern of feeding-damaged S. lanceolatum and the 

pattern of undamaged S. lanceolatum, Ripley's Bivariate K-finction was calculated for the 

plots with a sufficient number of feeding-darnaged plants (more than two plants with 

feeding). The observed Ripley's Bivariate K-fùnction is compared to Ripley's Bivariate K- 

fundons generated fkom randorn shufflings of S. lanceolutum labels (feeding damaged or 

undarnaged) arnong existing plant positions. The results indicate whether S. hceolattrm 

plants with feeding-damage appear to be arranged independently of undamaged S. 

Ianceolatunr plants, are positively associated (aggregated) with undamaged S. 

lonceolahm plants, or are negatively associated (segregated from) with undamaged S. 

lmceolatum plants. 

Objective 4. To investigate whetber or not adult femaie P. sniintheus select 
oviposition situ to improve the likelihood of larvai establishment on a food plant, S 
kanceolatum. 

The abundance of S. Iimceolutum in the oviposition plots were compared to those for the 

random plots using a MannoWhitney test among the individual meadows. The distance 

from the oviposition sites to the nearest host plant and the distances fiom the centre of 

randomly placed plots to the nearest host plant were compared using a Mann-Whitney test. 
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The direction of divergence of the spatial point pattern of lmceolatum from random was 

determined for each of the oviposition plots and the randomly placed plots. The number of 

oviposition site plots where the pattem of S. lanceolatum was (a) clustered over al scdes 

(O m to 2.5 m) or @) clustered at small distances (less than 1 m) and regular at larger 

distances (greater than 1 m), were compared to the same counts for the randomly placed 

plots using a G-test. 

Because the oviposition site selected by females is the location of interest for this objective, 

the Ripley's Univariate K-function was rnodified to estimate the spatial pattem around the 

egg only. In the earlier calculation of Ripley's Univariate K-function al1 pairs of 

Ianceolatum plants are considered in the estirnate; in my modification, only pairs of points 

involving the egg or the centre of the random plot are included in the estirnate. Again, the 

direction of divergence of the spatial point pattem of S. Imceolatum was determined for 

each of the oviposition plots and the randomly placed plots. Then each plot was placed 

into one of four S. Imceolatum spatial point pattem categones: (1) clustered at most 

distances of t (O m to 2.5 m); (2) regular at most distances of r (O m to 2.5 m); (3) 

appeared random at ail distances of t (O m to 2.5 m); or, (4) clustered at s m d  distances of t 

(0.2 m to 1 m) and regular at large distances of t (greater than 1 m). The counts of 

oviposition plots and randomly placed plots in each of the four spatial pattem categories 

was compared using a G-test. 



Objective 1. To determine if the abundance of  the larval bost plant, S lanceoldum, 
explains variation in population sue of smintheus. 

The indices of P. mintheus population size is predicted by the abundance of S. 

lanceohtum both at the submeadow d e  (marked buttedies= 1.29 + 0.44 x sedum; 

R2=0.47; p=0.0002) (Fig. 4-4a) and at the meadow-scale (Craig's estimate=-1.47+ 0.44 x 

sedum; RL0.5 1 ; p0.00 19) (Fig. 4-4b). 

Objective 2. To determine whether or not the spatial pattern of S lcutceolufum 
explains variation in the population size of P. sminiheus in Jumpingpound Ridge 
meadows. 

The spatial point patterns observed for ail submeadows and meadows are surnmarized in 

Table 4-1 and Table 4-2, respectively. Due to the absence or s m d  number of S. 

lanceolaîm plants (less than fifteen plants per plot) no second-order analyses were 

conducted in four of the submeadows (JI, S 1, U1, and VI) nor in several plots in other 

submeadows (see Table 4-1 for more detail). Many of the individual plots displayed a 

clustered spatial point pattern of S. hceolàturn plants over ail d e s  (O m to 2.5 m) (Fig. 

4-5). The remaining plots exhibited a clustered spatial pattern at smail distances of t and a 

generai trend towards randomness at larger spatial distances of t (Fig. 4-6); Le., meadows 

with strongly clumped host plants are no better at promoting larger buttertly populations. 



Submeadow 

Sedum lanceolatum 

Meadow 
O 

O 10 20 30 40 50 60 70 80 90 
Sedum lanceolatum 

Fig. 4-4. Effect of Sedimr Imceolahun abundance on the population indices of Parnassius 
mintheus (number of marked butterflies for the submeadows and Craig's estimate for the 
meadows). The linear regression line for submeadow-sale (a) and meadow-scale (b) are 
both signincant at p<O.OOS. 



Table 4- 1. Summary of Ripley's Univariate K-function results for the spatial pattern of 
Sedum Imceolutm plants in Jumpingpound Ridge submeadows. Ten, five-metre diarneter 
plots were conducted in each submeadow and plots which contained more than 15 plants 
were considered useable for analysis. The spatial pattern for each plot is summarized by 
indicating: the number of plots where clustering was detected at all distances of t (fiom O m 
to 2.5 m); the number plots where clustering was detected over some distances of t; and the 
number of total useable plots where the spatial pattem appeared random over some 
distances t .  

Useable #Plots Clustered #Plots Clustered #Plots appearing 

Submeadow Plots from r O to 2.5 m over some r (rn) Random over some t (ml 

v1 n 

*for this submeadow 11 plots were conducted 



Table 4-2. Summary of the spatial pattem of Sedm Icmcedahrm in Jumpingpound Ridge 
meadows. Plants were mapped in te% twenty, twenty-one, and thutydr five-metre 
diameter plots in the meadows. The number of useable plots represents the number of 
plots which contained more than 15 plants and therefore, could be used for Ripley's 
Univariate K-findion analysis. The number of plots where the spatial pattem of S. 
lanceokatum was clustered at al1 distances of t (O m to 2.5 m), the number plots where the 
pattem of S. I'ceolahrnr was clustered over some distances of t and the number of plots 
where the spatial pattem appeared random over some distances t are reported. 

- -- 

Plots Clustered Plots CIustcred Plots appearing Random 

Meadow Useable Plots fkom t O to 2.5 rn over some r (m) over some t (m) 

FI, 15 10 13(0.1-1.0) highly variable 

& 9 5 9(0- 1 -2) 4(2.1-2.5) 

Gb 14 8 13(0. 1-0.7) highly variable 

- -- -- 

4, 12 3 i &(O-0.5) highly variable 

K. 8 3 S(0.2- 1 .O) highly variable 

Ld 18 5 highly variable highly variable 

MI 15 3 1 S(0.2-0.5) highly variable 



Fig. 4-5. Graphical representation of Ripley's Univariate K-function analysis 
dernonstrating a clustered spatial point pattern at al1 distances of t, metres. The open 
cucles represent the &t) estimates for the observed spatial pattern of Sedum Imceolatum 
plants in one plot. The solid lines represent the 95% confidence envelopes fiom the 
Monte-Carlo simulations. From distance, t, O m to 2.5 m the spatial pattern of Se& 
Iunceolatzim is significantly different fiom random in the direction of being clustered. 



Fig. 4-6. Graphical representation of Ripley's Univariate K-function analysis 
demonstrating clustered spatial point patterns at srnail distances of t and seerningly 
random patterns at larger distances of t. The open circles represent the t(t) estimates for 
the observed spatial pattern of Sedum lanceolatum plants in one plot. The soiid lines 
represent the 95% confidence envelopes fiom the Monte-Carlo simulations. From 
distance, t, 0.05 m to 1 .O5 m the spatial pattern of S. lmceolatum is significantly dserent 
fiom the random expectation in the direction of clustering and fiom distances 1.05 m to 2.5 
m the spatial pattern of S. imceohfum appears random. 
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The range of distances, t, where clustering was observed in aii or most of the useable plots 

in submeadow-scale and meadow-scaie analyses is sumarized in Figure 4-7 (for more 

detail refer to Table 4-1 and Table 4-2). There is no clear trend in the range of distances, t, 

at which spatial pattern divergence âom random, as a function of P. mintheus population 

size indices, is evident at either the submeadow or meadow-des of analysis. 

Objective 3. To detemaine if laival feeding damage on ~anceolatum is correlated 
with S Icrnceolatum abundance and/or spatial pattern and if the spatial pattern of 
Iarval feeding darnage among available S Ianceolutum plants is aggregated, regular, 
or appean random. 

S. lanceolatum abundance predicted the presence or absence of feeding damage within the 

plots correctiy 69% of the t h e  (feedinp2.69 + 2.29 x Sedum), and the fit of the logistic 

regression was good (G= 1 12, pcO.5 x 1 O-', McFadden's pL0.32). There was no 

sigruficant relationship between the degree of dumping of S. lanceolatum and the presence 

of feeding darnage in plots (-2.18; p-O. 54). 

The abundance of S. fmceolutum explains much of the variation in the number of larvai 

feeding-darnaged S. lmceolatum at the submeadow-sale and meadow-scale (Table 4-3). 

This is not surprishg shce a greater overall abundance plants Mght easily be associated 

with more plants with damage. The generaiized additive model, however, detected 

additional non-linear effects of S. ianceolatum abundance on the number of S. lanceolatum 

with l a m l  feediig-damage, but oniy at the meadow-scale (Table 4-4). In other words,at 



"'6.0 0.5 1 .O 1.5 2.0 
Log (Marked P. smintheus+ 1) 

Fig. 4-7. Results fiom the Ripley's Univariate K-function analyses, are summarized for aü 
plots in Jumpingpound Ridge (a) submeadows and (b) meadows with difrent population 
sizes of P. mintheus. The bars represent the range, in metres, over which S. Imceolahrni 
plants exhibited spatial point patterns that depart significantly fiom complete spatial 
randomness in the direction of cluste~g.  The broken lines represents distances over 
which Ripley's K-fiinction was estimateci. Meadows with a smaii number of useable plots 
(less than two) were not included in this summary figure. 



the meadow level, the proportion of plants with feeding darnage depends on the number of 

available plants; with a threshold at about 20 plants per plot. Below this threshold there is 

little feeding damage and no effect of plant abundance, above it there is an increase in the 

effect of host plant abundance on damage (Fig.4-8). 

Table 4-3. The generalired linear mode1 results predicting the number of S. lunceokutum 
with lard feeding damage fiom the number of available S. lmceolatum at the submeadow 
and meadow-des. 

- -- - 

Scale Coefficient Deviance Residuai Residual P 
(SE) Explained d f Deviance 

Submeadow O. 14 582.1 23 415.3 0.9 x 
(0.02) 

Meadow O. 14 228.3 14 43.2 0.6 x lad 
(0.02) 



Table 4 4 .  Comparing the generalized linear regression mode1 to the generalized additive 
model. Both models predicted the number of S. Imceolatm with larvai feeding damage 
fiom the number of available S. lmceolatum at the submeadow and meadow-scdes. The 
F-test indicates that there were signincant additional non-linear effects of the number of 
available plants on the amount of feeding darnage at the meadow but not at the 
subrneadow-scale. 

F-test: 1 
. . inear vs. additive mode1 

-- - - - 

Meadow Iinear 14 43.2 1 

Residud Residual 
Scale Mode1 d f Deviance 

Subrneadow tinear 23 415.3 

additive 20 351.4 

additive 1 1  22.6 1 3 20.6 3.35 0.1 

Deviance 
df expiained F P 

3 64 1.21 0.33 



availabl e S. lanceolatum 

Fig. 4-8. Generalized additive mode1 (spiine-fit) predicting the amount of S. Imiceolatuni 
plants with feeding darnage fiom the number o f  available S. Imceolatum plants in 5 m 
diameter plots, at the meadow-level. The confidence envelopes outline the estirnated 
funaion (+/-) one standard error. 
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Because of Little variation in spatial pattem of S. Imceolatum observed over the range of 

population sizes on Jumpingpound Ridge, it was impossible to relate the presence of 

feeding darnage to the local S. ZmceoIaium spatial point pattern. 

In most of the plots, the pattem of feeding-damaged S. Imceoluturn plants appeared to be 

arranged independently of the pattem of undamaged S. lmceolutum plants (Table 4-5, 

Table 4-6 and Fig. 4-9). However, ignoring the confidence envelopes fiom the Ripley's 

Bivariate K-function estimates revealed that both feeding-damaged and undamaged S. 

lmceoIatum plants were usually aggregated and rarely segregated. In a few instances, the 

bivariate pattern (of feeding damaged and undamaged plants) was sipificantly dEerent 

fiom independent in the direction of positive association, but was actually under both the 

maximum and minimum confidence envelopes (Fig. 4-10). This indicates that although the 

bivariate spatial point pattern of undamaged and feeding damaged S. fmceolatum was 

positively associated, it was less positively associated than expected given the existing 

pattem of al1 plants (i.e., the two types of plants are less aggregated than predicted from 

the overaii pattern of clumping of al1 S. Imtceolahmi plants). 

Objective 4. To investigrte whether or not adult female P. smintheus select 
oviposition sites to improve the likelihood of lama1 establishment on a food plant, S 
lartceoIatum. 

Femdes did not selectively oviposit in areas of high S. Imceolartrm abundance in either the 



Table 4-5. The summary of Ripley's Bivariate K-fundion analysis of mapped locations of 
Sedm kmceolaïum plants with and without larval feeding damage for Jumpingpound 
Ridge submeadows. The number of useable plots represents the number of plots, out of 
ten plots conducted in each of the submeadows, which had more than two plants with 
larval feeding darnage and could be used for the calculation of Ripley's Bivariate K- 
function. The number of plots where the bivariate association between larval feeding- 
darnaged and non-larval feeding-darnaged S. lanceolutum plants appeared random at ali 
distances of t (O m to 2.5 m) and the number of plots where the bivariate association 
appeared random at some distances of t are reported. 

Useable @lots appearing -dom #Plots a p p e a ~ g  Random 

Submeadow Plots fiorn O to 2.5 m over some sale (m) 

va n 

*for this submeadow 1 1 plots were conducted 



Table 4-6. The sumrnary of Ripley's Bivariate K-function analysis of Sedum lanceolutum 
plants with and without lamal feeding darnage in Jumpingpound Ridge meadows. The 
number of useable plots for Ripley's Bivariate K-fiinction had more than two S. 
lanceolatum plants with feeding damage and represent the number out ten, twenty, 
twenty-one, and thirty, plots conducted in a meadow. The number of total useable plots 
where the bivarîate association appeared random at di distances of t (O m to 2.5 m) and the 
number of total useable plots where the bivariate association appeared random at some 
distances of t are reported. 

Useable Plots appearing Random Plots appearing Random 

Meadow Plots over O to 2.5 m over some t (m) 

Fb 13 8 1 l(0.4- 1.4) 

& 7 1 highly variable 

Gb 13 8 12(1.1-2.5) 

- -- . - 

M, 11 6 highly variable 

- .. . - - - . 

4 8 1 highly variable 

S c  1 1 1 (0-2.5) 
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Fig. 4-9. Results fiom the Ripley's Bivariate K-function analyses, are summarized for aU 
plots in Jumpingpound Ridge (a) submeadows and @) meadows with dEerent population 
sizes of P. mintheus. The bars represent the range, in metres, over which the spatial 
pattern of Se- lànceolutum plants with and without feeding diunage appeared 
independent. The broken line represents distances over which Ripley's K-fùnction was 
estimated. 



Fig. 4-10. Graphical representation of Ripley's Bivariate K-function analysis. The open 
circles represent the &t) estimates for the observed bivariate association between the 
patterns of Sedum lcmceolat~m plants with l a d  feeding darnage and S. Imceolatm 
plants without l a r d  feeding damage, for one plot. The solid lines represent the 95% 
confidence envelopes from the Monte-Carlo simulations. The overail t ( t )  would lie within 
these confidence envelopes. From distance, r, 0.5 m to approximately 2.5 m the observed 
estimate of t(t) indicates a positive association between the spatial patterns of S. 
lmceola~um plants with and without l a d  feeding darnage. However, the observed 
estimates of L(t) fa11 below the confidence envelopes, indicating that the bivariate 
association, aithough positive, is significantly less positive than expected given the 
underlying spatial pattern of S. lmceolutum. 
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Fig. 4- 1 1. Box and whisker plots of the number of Sedm kmceo~aftmi plants within a 2.5 
metre radius of oviposition sites and random sites in the high- and low-density rneadows. 
The line in the box represents the median number of S. k'eolbturn plants. Numbers at 
the tops of the boxes indicate the sample size, or the number of plots. There were no 
signifiant ciifferences detected within meadows @ > 0.05). * represent outliers. 



hi&-density (ü=50; p=0.24) or the low-densiv (U=59.5; p=0.73) meadow (Fig. 4-1 1). 

Females did not selectively oviposit near S. lonceolutum plants compared to if they had 

oviposited at random sites in either the high-density meadow (W=75; ~ 4 . 7 7 )  or the low- 

density meadow (U=70.5; p=0.73) (Fig. 4- 12). Counts of the spatial patterns of S. 

Imceolatuum, fiom the unmodified Ripley's Univariate K-fundion, around oviposition sites 

and random locations did not diner in the hi@-density meaciow (Gc1.18; p=0.28) nor in 

the low-density meadow @=O. 52; p=0.47) (Fig. 4- 1 3). The modified Ripley' s Univariate 

K-fiinction results revealed that near the egg in the oviposition plots, and the centre of the 

random plots, there are fewer S. lanceolatum plants than expected if plants had been 

arranged randomly in the plot (Table 4-7 and Fig. 4-14). There were, however, no 

significant differences in the counts of plots exhibiting each of the spatial patterns of S. 

lanceolafunt (clustered at most distances of t, regular at most distances of t, random at 

most distances of t, and clustered at small distances of t (0.2 m to 1.0 m) and regular at 

large distances of t (greater than 1 m)) between the oviposition and random plots in the 

high- (-3.73; p-0.29) and the low- (G=1 .S8; p4.46) density meadows (Fig. 4-1 5). 



L random 
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P m s s i u s  dens ity 

Fig. 4-12. Box and whisker plots of the distance to the nearest Sehm lmceolatm plant 
fkom oviposition sites and random sites in the high- and low-density meadows. Numbers at 
the tops of the boxes indicate the number of plots sampled. There were no signifiant 
differences detected within meadows @>O.OS). * and " are outliers. 



1 and 

High-density meadow Low-density meadow 

Fig. 4-13. The proportion of random and egg-laying plots where the spatial patteming of 
S. Imceolatum plants was: clustered at ail distances (O rn to 2.5 m) or dusterd at smaii 
distances and regular at larger distances in the high- and low-density quality meadows on 
Jumpingpound Ridge. No significant dinerences in the counts of spatial patterns of Sehm 
Imiceoiutum were detected between random and oviposition plots in either meadow 
Q~0.05) .  The numben at the top of the bars indicate the number of plots sarnpled. 



Table 4-7. The spatial point pattern of Sedirm Imceolatum is in the direction of regularity 
or over-dispersion but is not signincantly daerent from random, over the range of 
distances (metres), for the random and egg laying plots in the high- and low-density 
butterfly meadows. Values are from the modified Ripley's Univariate K-knction. 

Meadow Plots Range (m) 

Low-density (J2): Random 0-0.2 

Egg 0-0.3 

High-density (G4): Random 0-0.2 

Egg 0-0.1 



t (metm) 

Fig. 4-14. Graphical representation of the modined version of Ripley's Univariate K- 
function analysis. The open circles represent the L(t) estimates for the observed spatial 
pattern of Sedum lmceolutunt plants from the centre, of one plot. The solid lines 
represent the 95% confidence envelopes fiom the Monte-Carlo simulations. From 
distance, t, 1.1 m to approximately 2.4 m the observed estimate of t(t) indicates that the 
spatial pattern of S. ZcmceoIatum is clustered. Notice how t(t) fiom O m to 0.25 m follows 
the lower confidence envelopes fiom O m to 0.25 m. This is because the nearest S. 
kmçeolotum plant fkom the centre of the plot is at 0.25 m, causing the abrupt increase of 
&t) fkom the lower confidence envelope to randomness. 
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Fig. 4-15. Results fiom the modified Ripley's Univariate K-fiinction. The proportion of 
plots where the spatial pattern of Sehm Imceolatum, around the centre of the random 
plots and the egg laying site in the oviposition plots, appears random or diverges fiom 
complete spatial randomness in the direction of regularity or clustered, or both. No 
signincant differences in wunts of the spatial patterns of Sehm lamceolatm were detected 
between random and oviposition plots in either meadow (pM.05). The numbers at the top 
of the bars indicate the number of plots sampled. 



D~SCUSSION 

Sedum lanceoldum Abundance and Habitat Quality 

At both submeadow- and meadow-scales, much of the variation in population size of P. 

smintheus is explained by the abundance of S. lrmfeoiatunr plants. This relationship 

suggests that areas with abundant l a r d  host plants are of high quality for P. smintheus and 

therefore, not all Jumpingpound Ridge meadows are of equal quality. Consideration of 

how habitat quality (host plant abundance) may innuence populations can help us to 

understand P. mintheus population dynamics more generally on Jurnpingpound Ridge. 

Some habitat patches are more important to population persistence of ringlet buttedies 

(Aphantopus byperunius) than are others (Sutcliffe et al. 1997). Although different 

factors are Wtely responsible for variation in the abundance of adults and larvae (Dernpster 

1983), S. Iunceolatum is highly correlated with both P. mintheus adult and larvai 

population indices (Fig. 4-4 and Fig. 4-8). It is clear that meadows with abundant adult 

buttedies also have abundant larvae. It is impossible, at this the,  to assess the direct 

relationships between host plant and both adult and larvai abundance due to the high 

degree of correlation with both. To understand their direct effects on one another would 

require an expenmental manipulation of these variables. 

Potential reasons for the positive correlation of P. mintheus adults and larvae with S. 

lanceolatum abundance on Jumpingpound foliow: 

1) Adults may move to and be retained in areas of high S. Iunceolatm abundance; females 
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searching for S. lanceoluium and males searching for females. However, because of the 

smd number of between-meadow movements detected within a generation on 

Jumpingpound Ridge (around eight percent of movements during the 1995 maddrecapture 

session, J. Rolandpers. comm.), it is unlikely that the among-meadow correlations with S. 

lanceolarim abundance is due to movernent. In addition, I have show that adult female 

movement and oviposition does not dEer betwean low and high density populations 

(Chapter 2). 

Harrison (1989) attempted to separate the effects of habitat patch quality from existing 

butterfly abundance. She found that Euphydryas editha bayensàs buttedies released into 

extinct patches are poor colonizers and do not move in response to habitat patch area and 

quality. Instead, these butterfiies emigrate at low densities and have little ability to move 

across non-habitat. A similar study with P. smitntheus would help to quant@ the relative 

importance of movernent and habitat patch quality on population s k s .  

2) Females remain in their natai patch, where they invest most or al1 of their reproductive 

output. This would help explain why high population meadows remain so from year to 

year. Occasional dispersal of gravid adult females to low-quality, non-natal meadows 

would result in a low probability of larval establishment on host plants, due to the smaller 

number of host plants available. Encounter rates of randomly searching herbivores, for 

example P. mintheus larvae, with their food plant are likely proportionai to the abundance 
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of their food. In contrat, offspring of adult females dispersing to high quality non-natal 

rneadows would likely be successful in reaching one of the abundant larvai food plants and 

contribute to population increase there. 

Monitoring larval search behaviour and success in experirnentally rnanipulated densities of 

S. Iunceolutum would improve our understanding of the number of larvae producing both 

the quantity of feeding damage observed in the plots and the pattern of feeding damage 

observed. It would also be of great interest to study movements of adult female butterflies 

throughout theu life to determine the probability of dispersal out of natal meadows of 

different quality, because limited rnark/recapture provide only poor estimates of this 

(Roland et al. in press). Im provements to hannonic radar (Roland et 01. 1 996) andor 

more intensive rnaridrecapture would enable researchers to continue following the saine 

individual throughout their adult Ne. 

Su bmeadow-scale venus Meadow-scale AnalysY 

Despite obvious difFerences in plant comrnunity structure within meadows, the meadow- 

s a l e  analysis had stronger correlations between population indices and S. hceolatum 

abundance compared to the submeadow-de analysis. Submeadow-de analysis was 

expected to yield stronger relationships with S. i m c e o l '  abundance than the meadow- 

sale analysis because larval movement is restricted to small distances; lwae are Likeiy 

confined to an a m  smder than a submeadow during theu devdopment, even though adult 
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movement is not. The differences in strength of correlations at the meadow-scale and at 

the submeadow-scaie may be caused, in part, by the method used to estimate adult 

population in each case. "Craig's estimates" of adult density, used for the meadow-scaie 

analysis, control somewhat for marking effort in each mark-recapture session and the total 

number of marked butterflies in each submeadow during aîi 1995 mark-recapture sessions 

do not. At first, the lack of control for "effort" in the population indices at the 

submeadow-scale, seemed the best explanation for the differences between submeadow and 

meadow-scaies of analysis. However, the correlations between larval feeding darnage and 

S. ianceolafum abundances are also strongest at the meadow-scale and do not require a 

control for "effort". These findings suggest that habitat quality for P. mintheus generally 

is better approxirnated at the meadow-scale on Jumpingpound Ridge, than at the 

submeadow-scale and supports the hypothesis that adult females move fieely within 

meadows and do not restrict themselves to areas of higher-quality within meadows. The 

movement of females among meadows however, is much more restricted (Roland et al. in 

press). 

Spatial pattern of Sedum lanceohtum and Habitat Quality 

Although there are clear dxerences in S. Imcedahrm abundance among meadows dong 

Jumpingpound Ridge, the generd growth pattern of S. lanceolutum does not dEer 

signincantly among them. Imceolatrunt is clustered, but only at distances of less than 

one metre. This value can be interpreted as the approxhate size of S. ImceoIatum clumps. 



132 

This clumped pattem is not surprising given that S. Imceolatum can reproduce asexually 

by means of rhizomes and rosettes (Clausen 1975) or if seed dispersal is spatially limited. 

In several plots, the spatial pattern is more random at distances greater than two metres, 

suggesting that within these plots the size of the entire S. lmceolatum ciump was captured. 

In plots where the spatial point pattem of S. lanceolatum is clumped at al1 distances, this 

suggests that the entire clump may not have been captured in the five-rnetre diameter 

circular plots used in this study. 

Other attributes of the S. Imceoldum plants, such as their s k ,  age, nutntional quaiity, and 

concentration of secondary plant compounds, as well as the structural complexity of 

surroundhg vegetation may also detennine the effect which S. lanceoluhrm has on P. 

mintheus populations (see review for Lepidoptera generaily by Dempster 1983 and 

Stanton 1983). Longer terni studies of individuai S. Ianceolatwn plants over the field 

season may reveal differences in growth and phenology among meadows. Timing of larvai 

hatch synchronized with availability of new S. lmceoiahrm rosettes may be cntical to early 

sunival, and the availability of abundant nectar for aduits during the ûight season would 

provide important energetic resources to adults and possibly oviposition cues for fernales. 

Weiss et al. (1988), for example, demonstrated that the phenology of nectar plants and 

larval host plants and adult eclosion affecteci quality of grasslands for populations of the 

butterfly Euphydyas edithu bayensis. 



Lawal and Adult Behavioural Responses to S e h m  lanceolatum Abundance and 

Spatial Pattern 

The results indicate that larvae of P. smintheus are more successfùl at establishing on host 

plants, as evidenced by more feeding damage, when the host plant is abundant. However, 

the spatial point pattem of S. Imceolarum in each meadow appears to be unrelated to the 

presence of feeding damage. The findings 60m larval feeding darnage analyses therefore 

suggest that larvae of P. smintheus forage and/or encounter S. lmceolutum plants 

randomly. The total number of plants encountered by a randornly moving herbivore 

depends ody on the density of host plants and is unafKected by their distribution (Stanton 

1983). 

The spatial pattem of feeding-damaged S. fmceolarum plants and undamaged S. 

Imceolatm plants appear to be independent of each other; feeding-damaged plants are not 

isolated in any one section of the cucular plots, rather, they occur randomiy arnong 

undamaged S. Imceolutum. This pattern suggests that larvae move randomly arnong 

plants, that larvae do not necessarily move to the next-nearest plant to continue fediig 

and/or that several larvae are producing the feeding damage w i t h  one plot. The ability of 

larvae to detect and move to hosts may also be complicated by the structure of the 

surroundhg vegetation (Stanton 1984); larvae may be searching for other resowces, such 

as resting sites with suitable Mcrociimates between feedings (e-g., locations with preferred 

moisture level or temperature). Findings from a study of the search behaviour of lawae 



suggest that P. smintheus larvae can orientate to the host plant and potentially mitigate 

"errors" in adult female oviposition site selection (Chapter 3). 

Fernales do not selectively oviposit in hi& density patches of host plant nor do they 

oviposit closer to host plants than would be expected if they oviposited at random in both 

the high- and low-density meadows. There was also no dserence between the spatial 

pattern of Imceolatam around oviposition sites and random sites within a meadow. It 

is of interest to note that at two oviposition sites in the low-density meadow, the spatial 

pattern of S. hceolutum could not be estimated because oniy a single plant was within 2.5 

m of the egg, suggesting regularity of the spatial point pattern of S. lanceolatum at a scale 

larger than the study plot radius. Within this meadow the abundance of S. Iunceolaunr in 

random plots was 13 to 176 plants, within 2.5 m. These results may be produced by 

random female oviposition provided that habitat is generally "suitable". Oviposition in 

other butterfly species is a£Fected by additional factors, not considered in this study. 

Examples of fernale buttedies whose larval development and oviposition behaviour is 

affecteci by microchate include the foliowing: PqiIio glaucus: femdes preferentiaîly 

oviposit on branch tips exposed to sunlight (Grossmueller and Lederhouse 1985); 

EuphyrlScrs @Ifetfi: femaies oviposit on the highest large leaves of their host plant that 

have exposure to early-moming sunshine (WiiIliarns 198 1); and Parmge aegeria: females 

oviposit on parts of certain plant species with a temperature between 24 to 30°C (Shreeve 
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1986). Oviposition by Etlphydym cMcedom (Murphy et al. 1984) and Papilio glaucus 

(Grossrnueiler and Lederhouse 1987) is in areas with host plants that are also nch in nectar 

plants. Male harassrnent increases rnovement of female Euphydyas imicia (Odendaal et 

al. 1989) and ProcIossiam eunomia (Baguette et al. 1996). Increased movement rates of 

these species reduces the t h e  females spend searching for oviposition sites and decreases 

the fiequency of oviposition events. Oshaki and Sato (1 994) demonstrated that Pieris 

ropce and P. napi females select low quaiity oviposition sites so that their offspring are at 

lower risk of parasitism. SKNlarly, Mappes and Kaitala (1995) found that female bugs 

(Elannuch grises) selected oviposition sites to avoid ant predation and increase nymph 

survivorship. In a review of 1 5 1 butterfly species in Sweden, Wiklund (1 984) 

demonstrated that butterflies with conspicuous hosts are more likely to oviposit on them 

because they seldom alight on non-hosts. Because of the apparently "haphazard" 

oviposition style of P. mintheus females, a high-density of host plants is required to ensure 

laival establishment. Species where larvae crawl between plants and are highly mobile 

d u ~ g  theû development, have been suggested to undergo less selection for oviposition 

site selection (Janz and N y h  1997, Mayhew 1997). P. mintheus larvae readily move 

between plants, therefore, adult female oviposition site selection may be of minor 

importance. 

CONCLUSION 

The hdings from this descriptive study demonstrate that the abundance of the l a n d  host 
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plant, S. lmceo[ctlum, is correlated with the population indices of both P. smintheus adults 

and larvae. Therefore, S. lmceolutum abundance will be incorporated, as an index of 

meadow quality, into a cutrent population mode1 for P. smhtheuî on Jumpingpound Ridge 

(Roland et al. in press). The spatial pattern of S. IrmceoIatum in meadows does not change 

systematically with its abundance, nor is it correlated with P. smintheus population size. 
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Chapter 5 

TOPOGRAPH~CAL AND ECOLOGICAL FACTORS DETERMIMNG A L P M  AND SUBALPINE 

MEADûW SUITABLITY AND QUALlTY FOR THE BUTfERFLY P A R N ~ I U S  S~~IVTHEUS 

"In areas.. . where large vertebrates are but distant mernories, smaii mamrnals, srna11 cold- 

blooded vertebrates, invertebrates, and many plants are now the subjeas of conservation 

efforts," (Murphy et al. 1990). 



~~JTRODUCTION 

"Suitable habitat" has been defined as containing ail  the resources required for the s u ~ v a l  

of an animal population for many years (Hanski and Thomas 1994), and its availability 

constrains both the abundance and distribution of populations. Strategies for conservation 

and management of natural areas often consider the availability of suitable habitat for 

vertebrate species that are rare, threatened, endangered, endernic, or of econornic interest, 

but which tend to respond to habitat at relatively large-sales. Typicaliy habitat models are 

developed for these species and used as tools to idente areas of greatest conservation 

concern (Murphy et ai. 1990, Bender et al. 1996). Identification of these required 

resources and sarnpling for their estimation is needed to create models of habitat suitability, 

such as habitat suitability index (HSI) models (Brooks 1997). This step is often tirne- 

consuming and difficult for long-lived vertebrate species, where assessment of habitat 

suitability involves consideration of seasonal and annuai changes in forage availability and 

preference ( M e d  et al. 1999). Irivertebrates, including buttedies, in contrast, are 

relatively short-lived and al1 life stages typicaiiy have very specific resource requirements. 

These facts make habitat suitability models for animals such as butterfiies easier to develop 

than for long-lived vertebrates. Many buttedy larvae feed on a single host plant species. In 

addition, adult butterfiies require access to mates, suitable microclimates for 

thermoregulation and nectar to successfuiiy reproduce (UrIMund 1977). Consideration of 

the resource requirements of al1 Me stages is, of course, necessary to develop a dennition 

of habitat suitability for buttediy species and is criticai for estabiishing conservation goals 



and priorities for rare and threatened butterflies (Schwamvalder et al. 1997, Bergman 

1999). Development of habitat suitability models for non-vertebrate species wiU 

complement those of vertebrate species to better preserve the ecological integrity of natural 

areas over a broader range of scales (Murphy and Wilcox 1986, Murphy et al. 1990). 

Butterflies, because of their relatively narrow resource requirements and relatively limited 

dispersal abilities, ükely interact with the landscape at a much smailer scale than do large 

vertebrates. Protecting and managing areas based solely on the habitat requirements of 

large vertebrates is probably too coûrse for smaller anirnals. As acknowledged by 

Oostermeijer and van Swaay (1998), species such as buttedies, with very narrow 

tolerances wili be particularly sensitive to environmentai changes. 

During collections of the alpine butterfiy, Panaassranaassrus mintheus, for a genetic study in 

Banff National Park and Kananaskis Country, Alberta (Keyghobadi in prepation), it was 

discovered that some alpine meadows where the larval host plant, Sedum Imceolatum, is 

present did not support P. mintheus populations (personal observation). Although the 

availability of the larval host plant is a critical component of habitat suitability for P. 

mintheus, its presence does not guarantee that the meadow is suitable. Habitat 

characteristics in addition to the presence of the land host plant, such as nectar plants, 

suitable microclimates, and enemy-fim space, constrain the distribution of other species of 

insects (Forare and Soibreck 1997, Q U ~ M  et d. 1998). Such effects may expiah patterns 

in occurrence of P. sminthars not accounted for by the distribution of the laml host plant. 



Other hown resource requirements of P. smintheus larvae include shelter sites, 

microclimates which facilitate feeding and movement and suitable pupation sites (Chapter 

3). P. smintheus larvae relocate to spaces under rocks and gras to rest or conceal 

themselves. They are mobile only when it is sumy and warm, and larvae pupate on the soi1 

surface (Chapter 3). Adult P. smintheus nectar-feed on a variety of flowering plant species 

including the larval host plant, and members of the rose family (Rosaceae) and the daisy 

family (Asteraceae). They also require access to mates, and adult fernales need the 

presence of the host plant to oviposit (Chapter 2). The goal of the k s t  part of this chapter 

was to identfy the relative importance of meadow characteristics that explain patterns of P. 

mintheus occurrence. Identification of these characteristics is essential for designing 

management plans for species of concem (for an example of recovery plans based on patch 

attributes that explain occurrence of an endangered vertebrate see Forys and Humphrey 

[ 19991). 

Two statistical models explaining P. smintheus occurrence (presencehbsence) were 

generated: a couse topographic model and a detded ecological model. Data for the 

ecological mode1 are time-consuming and expensive to acguire and the intent of the coarse 

model was to develop a workable model that would prdict P. mintheus occurrence 

without the need for detailed field sampling of vegetation and soil. 

Many buttedy population models overlook the effects of habitat quality by assuming that 
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aii "suitable" patches are of equal quality(Singer 1972, Thomas et al. 1992, Baguette and 

Nève 1994, Hill et ai. 1996) despite evidence that habitat quality affects the long-term 

persistence of populations (Thomas et ai. 1992, Hanski and Thomas 1994, Dennis and 

Eales 1997 and 1999, Eales and Dennis 1998, Mousson et al. 1999). Quantmg habitat 

quality will improve our understanding of butterfiy population dynamics, and is needed to 

predict how changes in habitat amount and structure will affect populations (Hanski 199 1, 

Hanski et al. 1996, Kuussaari et a' 1996, SutciBe et ai. 1997). Habitat quality for 

butterflies has traditiondy been equated with the abundance of nectar plants and larval 

host plants (Odendaal et aL 1989), and several studies have clearly demonstrated that 

resource abundance is positively correlated with buttedy population size (Murphy et al. 

1984, Williams 1988, Hamison et al. 1988, Odendaal et d 1989, Carey 1994, Kuusaari et 

al. 1996, Sutcliffe et ai. 1997. Bergman 1999). 

Roiand et al. (in press) discovered that individual meadows on the same ridge- top support 

different shed populations and densities of P. mintheus. Although al1 of these meadows 

were capable of supporthg P. smintheus populations, they are not of equal quality. In the 

second part of this chapter, I deterrnined which habitat characteristics are best related to P. 

smintheus abundance, at a s m d - d e ,  on this ridge top. Again two statistical models were 

made: a cuarse topographical model and a detailed ecological model. 



OsJEcms 

1. To develop statistical models using coarse topographical variables that are easily 

extracted Rom topographic maps and Geological Survey of Canada maps, of (a) P. 

sminthars occurrence, at a large-de, in BdNational  Park and Kananaskis Country; 

and, (b) P. mintheus abundance, at a small-scale among Jumpingpound Ridge 

submeadows. 

2. To develop statistical models that incorporate additionai detailed ecological variables to 

irnprove Our ability to predict: (a) P. mintheus occurrence, at a large-scale, in Banff 

National Park and Kananaskis Country; and, (b) P. mintheus abundance, at a smd-scale 

among Jurnpingpound Ridge submeadows. 

~~FJHoDs 

Coarse topographical models 

These models included: latitude, longitude, elevation, dope, aspect, and bedrock geology, 

as independent (predictor) variables. Bedrock geology is weii known for these areas and 

Geological Survey of Canada (GSC) maps can be overlain on topographical maps. 

Detaiîed ecologicd modeIs 

These models included: the above variables pius fine scale information - soi1 texture, soi1 

depth to bedrock, presence or absence of the l a m l  host plant (S. Imceolanm), and the 

plant community (as described by Detrended Correspondance Analysis, see below). 
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Because P. smintheus spend both the larval and pupal iife-stages in contact with the soii, 

surface soi1 attributes are kely important to these stages of the Me-cycle. Presence of the 

host plant is required for growth and s u ~ v a l  of P. smintheus larvae, and adult butterflies 

require nectar sources, providing energy for flight, mating and oviposition (Wiklund and 

h b e r g  1978). 

Data were collected for subalpine and alpine meadows in BanffNational Park and 

Kananaskis Country, Alberta (Fig. 5-1) in the surnmen of 1997 and 1998. Sites were 

selected based on known P. mintheus locations fiom coliections for a study of the genetic 

structure of populations (Keyghobadi in prepation).  1 sampled additional subalpine and 

alpine meadows on sumy days during the peak of the butterfiy flight season. Meadows 

had no evidence of recent disturbances and were relatively pristine, although most 

contained hiking t rds  that host small parties of hikers and mountain bikers. Meadows 

were grouped into two categones: P. smintheus ppresent or P. smintheus not found 

(assumed absent). Site variables estimated at each site were: latitude, longitude, elevation, 

dope, aspect, bedrock geology, soi1 depth to bedrock, soi1 texture, plant comrnunity and 

larvai host plant (S. hceoliatum) presence. 

Coarse Topogqhical Md1 

Longitude and latitude were measured at a representative location within each site using 





both GPS (Garmin 45 XL) coordinates and topographical map coordinates. GPS 

coordinates were used in later analyses afler verifjmg with the topographical map 

coordinates. Longitude and latitude were measured in degrees and minutes and were 

converted into minutes for analysis. Elevation was measured in metres using a Thornmen, 

Altitrek altimeter and was calibrated each morning at the University of Calgary Kananaskis 

Field Station at Banier Lake (5 1 '02N, 1 15 " 03 W; elevation 1 2 10 metres) for daily 

differences in barometric pressure. Slope was esthated usiiig a clinorneter. The angle was 

estimated between the observer and a second person standing 25 metres downslope. 

Aspect was determined at the same location, using a compass, adjusted for declination 

from true north. Aspect was converted into four categories each 90 degrees wide (1 to 90, 

9 1 to 1 80, 18 1 to 270, and 27 1 to 360) for inclusion in regression analyses. Bedrock 

geology was detennhed fiom GSC maps for BMNationai Park (150,000) and for 

Kananaskis Country (1 : 100,000). Sites were classified into one of two bedrock geology 

categories: limestone present or limestone absent. These categories were used because 

limestone and other calcareous substrats are known to affect alpine plant distribution and 

communities (Bamberg and Major 1968, Biiiings 1988). 

Detailed Ecologcal M&f 

Finer-sale abiotic data gathered in the meadows include soi1 depth and soi1 texture. One 

hole was dug perpendidar to the soi surface until bedrock was reached. The distance 

fiom the soi1 d a c e  to the bedrock was measured in centimetres. Most sois did not 



display any vertical horizon development. The texture of the soil was classified using 

texture field tests (Coms and Amas 1986). If more than one soil horizon was present, oniy 

the soi1 texture of the uppermost horizon was considered in the andysis because it is Otely 

to be the most relevant to the larval and pupal Me-stages ofP. mintheus. Larvae crawl on 

the soil and use rocks and soil as shelter sites during climatic extremes. Larvae also pupate 

on the soil surface. The soi1 texture classes were converted to percent sand and percent 

clay based on the soil texturai triangle (Corns and h a s  1986). These percentages were 

then converted to binary variables for analyses. Soils with greater than 49% and less than 

50% sand were classified as 1 and 0, respectively. Soils with greater than 14% clay and 

less than 15% clay were classified as 1 and 0, respectively. These categories were 

determined fiom natural breaks in the percent sand and percent clay histograrns. 

Meadows were searched for S. Imceolatum, and plant community data were estimated for 

each rneadow. Two transects, 20 metres in length and perpendicular to each other, were 

placed in each meadow. The percent cover of individual plant species, including S. 

Iiznceolatum, was estimated in ten randorn, rectangular quadrats (10 cm by 20 cm) dong 

each of the transects, for a total of 20 puadrats per meadow. Percent cover estimates for 

each species were summed for each meadow. Of aii species sarnpled ody those considered 

to be a potential nectar source for adults (members of the families Asteraceae, Rosaceae 

and Crassulaceae), a larvd host plant (S. Iîancedatm), or a shelter site (rocks, sedges, 

grasses, and leaf-litter) were included in later analyses. Data reduction of percent cover 



estimates for the above species, was accomplished using a Detrended Correspondance 

Analysis @CA) in CANOCO. Only the first three axes calculated by the DCA OCAI, 

DCA 2 and DCA3) were used in the regression analyses predicting P. mintheus 

occurrence. 

Site variables were measured at the centre of each Jumpingpound Ridge submeadow (Fig. 

5-1 and Fig. 5-2). Al1 topographical and f iner -de  abiotic and plant community data 

excep! bedrock type were gathered as described above for the large-scaie study. Oniy 3 

out of 25 sites had no limestone component of their bedrock geology. Therefore, the 

effects of geology are not discussed in depth. Estirnates of percent sand and clay in the soi1 

were not converted to binary variables. S. lmceola~um abundance was estirnated in the 

surnrner of 1998 using ten, five-metre diameier circular plots randomly placed in 

submeadow. Al1 flowering and non-flowering S. hceolatum plants within the plot were 

counted. Although some S. lanceolatum plants are clonal, ali rosettes were treated as 

individuals in the analyses because they were considered as separate food sources (see 

North and Greenberg (1998) for simüar consideration of clonal food plants). Subsequent 

analysis used the mean of the log-transfonned S. Zcmceolatrm abundances fiom the circular 

plots in each submeadows. 

Indices of butterfiy abundance were based on marWrecaphire data collected by Roland et 



Jumpingpound Ridge 

Jumpingpound Ridge 
Submeadows 

Fig. 5-2. Meadows (a) and submeadows (b) on Jumpingpound Ridge, Kananaskis Country, 
Alberta (50 O57'N, 114O55' W). 



al. (in press) during the surnrner of 1995. The number of marked buttefies in each 

submeadow was determined using the coordinates of the location of initial capture of each 

butterfly. It is possible to combine butterfly population indices fiom 1995 with site 

variables fiom 1997 and 1998 because although absolute numbers of butterfiies Vary fiom 

year to year, high population meadows tend to remain so (Roland unpblished restllts), and 

S. Ianfeolatum abundance changes little fiom year to year. 

ANALYSES 

. .. 
e-scale study of meadow s- 

Cwrse TopographicaI Model 

Variables included in the final model were determined based on a fonvard step-wise 

selection procedure with a cut-off of p<O. 15 in SYSTAP (1998). A cut-off of p<O. 15 

was selected because the traditional cut-off of p<0.05 is often too statistically rigomus for 

descriptive-biologic- studies using logistic regression analysis (Hosmer and Lemshow 

1989). Additionally, those variables included in the final model were teaed for interaction 

with each other. The log-likelihood ratio test was done to assess the significance of the 

final model. 

To assess th e fit of the regression model a uid identify sites which may be poorly fit by it, a 

Hosmer-Lemeshow (goodness-of-fit) test was conducted and regression diagnostics were 

assessed. The Hosmer-Lemeshow test compares the observed frequency of subjects (e-g., 



sites) among the estimated logistic probabiiity categories (g) from the model to those 

expected fiorn the model. The resulting test-statistic ( ) can be compared to the chi- 

square distribution to assess its significance. The degrees of fieedorn are calcuiated by 

subtracting 2 from the number of categories Cg-2) used in the calculation of . A 

sigrilficant result (peO.05) for the Hosmer-Lemeshow test indicates that the model is not a 

good fit to the data and a non-significant result @>O.OS) suggests that the model is a good 

fit to the data. As suggested by Hosmer and Lemeshow (1989) the estimated logistic 

probabiiity was plotted against: (a) the change in deviance resulting fiom the removd of 

individual sites; @) the change in Pearson's $ resulting fiom removai of individual sites; 

and, (c) the change in idluence of each site on the value of estimated parameters when 

individual sites were removed. These plots were visuaiiy examined to idente sites poorly 

fit by the model parameters and those that have a great deal of influence on the values of 

the estimated parameters. 

A fonvard-stepwise discriminant function analysis @FA) with a cut-off of p<O. 15 

(SYSTAP 1998) was performed using the same predictor variables, in order to detennine 

which variables best discriminate between sites with and without P. mintheus. The 

analysis included an estimate of the discriminatory power and percentage correct 

classification of the sites. 



DetaiZed Ecological M d  

For this model, the first and second plant community axes fiom the DCA analyses, S. 

lmceokatum presencdabsence, soi1 depth to bedrock, and soi1 texture were added to those 

variables found to be si@cant in the couse topographical model. hdependent variables 

included in the detailed ecological model were identified using a forward step-wise 

selection procedure with a cut-off of p<O. 15, in SYSTAp(1998). The variables included 

in the h a i  model were tested for interaction with each other. Assessment-of-fit of the 

model was achieved using the same methods as were used for the topographical model. 

Another DFA of these predictor variables was conducted to determine the discriminatory 

power and the percentage correct classification of the sites. 

dv of m d o w  a& 

Cocase Topographical Mode2 

Latitude, longitude, elevation, slope and aspect were assessed in their effect on the number 

of marked butterfiies (log,, transformed) in each meadow using a multiple iinear regression. 

Variables hcluded in the final model were detennined based on forward step-wise seledon 

procedure with a cut-off of pcO.05, in SYs~~T@(1998). Variables were tested for 

multicoUineaity with an adjustment for experimenh>Jise error (Sokal and Rohif 1998). 

Detailed Ekokogi~41 M d I  

Plant community factors, S. kànceolatum abundance, depth to bedroclg and soi1 texture 
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were added to those variables included in the final coarse topographical model, and were 

selected based on fonvard step-wise selection procedure with a cut-off of p<0.05, in 

S ~ S T ~ p ( 1 9 9 8 ) .  Variables were tested for multicohearity with adjustment for 

experirnentwise error. 

Because 1 had data on lanceolahrrn abundance for these meadows, a similar series of 

multiple-linear regressions were conducted, using the coarse topographical variables and 

detailed ecologicai variables to predict S. fmceol'm abundance. The S. lanceolattm 

analysis was performed to interpret regression findings and to determine if the sarne 

variables are infiuencing bot h S. /mceolatum and P. smintheus abundance, or possibly if 

the effects on P. smintheus abundance sirnply reflect those effects on host plant abundance. 

C m s e  Topgraphicai Mode1 

Only slope and elevation were signifiant predictor variables for the coarse topographical 

model predicting P. mintheus occurrence (presendabsence) (Table 5-1). The mode1 

predicted that sites with steeper dopes and in the middle range of elevations sampled were 

more iikely to have P. mintheus. The mode1 fit the data weil for d sites ( ,,=6.46, 

p=0.59) except for Highwood meadow, which supported P. mintheus populations (Fig. 

5-3), despite being predicted to not have butterflies. The failure of the model to classify 



this site correctly is likely because the meadow had a smali slope and relatively high 

elevation. Regression diagnositics suggested that the model was a good fit to the data and 

that no individual site was exerting too much influence on the model parameten. 

Table 5-1. The large-scale regression statistics for the coane topographical multiple 
logistic regression model predicting P. mintheus occurrence in BdNational Park and 
Kananaskis Country, Alberta (N=37). The log-likelihood of the overall model (LL) is 
presented at the bottom of the table. The sigru6cance of the model is represented by both 
the log-likelihood ratio test statistic (G), which compares the log-likelihood of the 
constants-only model to that of the model including the significant variables, and 
McFadden's p2, which is an expression of the Otelihood ratio test and is analogous to the 
R2 from h e u  regression, however unlike values for R2, pz values lying between 0.2 and 
0.4 indicate that the model is good. 

- - 

Estimate(SE) t P Odds Ratio 95% CI 

Constant 5.99(5.0512) 1.1854 0.236 

Slope 0.0547(0.0276) 1.9806 0.05 0.9468 0.897-0.999 

Elevation -0.0038(0.0024) - 1 .56 1 0.1 19 1 .O038 0.999-0.101 
LL=-20.32; G=7.53, de2, p=0.026; McFadden's p-. 16 

The DFA using topographical data, also identifid slope and elevation as the variables that 

maximally discriminate among the 37 sites for P. mintheus occurrence (presencdabsence). 

The Wilk's lambda estimate (0.8 1) indicates that the discriminatory power of the 

topographical DFA is poor, despite the rnodel successfully classiQing 7(r/o ofthe sites. 

Misclassified sites included both sites with P. mintheus and those without. 



Highwood meadow 
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Fig. 5-3. A scatterplot of P. mintheus-present and P. smintheus-not found sites for the 
two significant topographical predictor variables of P. mintheus occurrence, dope 
(degrees) and elevation (metres). 



De tailed Ecologicai Mode1 

Summary information for data reduction of plant community are presented in Table 5-2. 

Two sites that were rnissing soil texture data were rernoved from the analyses. The 

inclusion of fine-scale variables Lnproved the topographicd model, reducing the residual 

deviance of the topographical model. The binary variable for proportion of sand in the soil 

and scores fiom the first and third DCA axes of the plant community data were significant 

variables in the detailed ecological model ( Table 5-3 and Fig. 5-4). Inclusion of these 

variables rendered the topographicd variables non-significant (Table 5- 1). Diagnostic plots 

and statistical tests ( ,,,=2.82, p=0.59) indicated that the model fit the data wel. In order 

to get sufficiently high observed counts of sites in the groupings for the Hosmer-Lemeshow 

test, the number of groupings was srna11 (g==). The Hosmer-Lemeshow test statistic 

therefore, should be interpreted with caution, when data are divided into less than six 

groups because the test becomes less powerfùl (Hosmer-Lemeshow 1989). Visual 

assessrnent of regression diagnostics, however supported the Hosmer-Lemeshow test result 

and suggested that the model was a good fit. Regession diagnostics further indicated that 

no single site exerted too much intluence on the model parameters. 



Table 5-2. Results from the reduction of plant cornmunity data coiiected for the large-scaie 
model of P m i i u s  mintheus occurrence, using detrended correspondance analysis 
(DCA). The eigenvalue for each DCA axis is the mesure of importance of that axis in the 
ordination of sites, and ranges between O and 1. Larger values rnean greater importance. 

Axis 1 Axis 2 Axis 3 Axis 4 
- -- - - -- - - 

eigenvalue 0.596 0.285 O. 176 O. 124 

curnulativz YO of 18.7 27.6 33.2 37 
variance cx~lained 

Table 5-3. Regression statistics for the large-scale detailed ecologicai logistic regression 
predicting P. sminiheus occurrence in BanENational Park and Kananaskis Country, 
Alberta (N=35). The log-likelihood of the model (LL) and the signincance of the overall 
model (G and McFadden's p2) are presented below the table. 

Estimate (SE) t P Odds Ratio 95% CI 

Constant -0.034 (2.86) -0.12 0.91 

Catsand-O -1.839 (0.936) -1.96 0.1 O. 159 0.025-0.996 

DCA(1) 2.035 (1.129) 1.8 0.1 0.765 0.837-69.93 



high 

%sand 

Fig. 5-4. Scatterplot of P. mintheus-present and P. mintheus-not found sites for the three 
sigruficant ecological predictor variables of P. mintheus occurrence: two plant cornrnu~ty 
axes (DCA1 and DCA3), and the binaiy variable for percent sand in the soi]. 
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The DFA including finer-scale variables identified the percent of sand in the soii, the first 

DCA axis, and the soil depth to bedrock as variables that maximdy discriminate arnong the 

35 sites for P. smintheus occurrence, A W i ' s  lambda estimate 

of 0.74 suggests that the discriminatory power of the detded ecological DFA is poor, but 

an improvement over the coarse topographical DFA. The detailed ecological DFA 

successfiiily classified 74% of sites. Misclassified sites include sites which have populations 

of P. smintheus and sites which do not. 

Cmrse Topographical Mode1 

There were significant correlations between some of the predictor variables (Table 5-4). In 

cases of muiticollinearity, Zar (1996) advises deletion of one or more of the intercorreiated 

independent variables foUowed by re-analysis. Only the most sigdicant of the correlated 

predictor variables was included in the model. The topographical model included latitude 

and slope as significant predictor variables (Table 5-5). Bedrock geology was similar for 

most meadows, due to the smaii scale of the study area. Only three meadows (S, U and V 

in Fig. 5-2) had a lirnestone component. Neither U nor V suppon P. smintheus 

populations nor do they contai. abundant S. lmceolartcm. Only part of meadow S (S2) 

supports populations of P. mintheus and contains abundant S. ùznceol~hmr. S1 had few 

buttedies and no S. lanceoldm plants. 



Table 5-4. Significant correlations between independent predictor variables in the coane 
topographical model of P. mintheus population abundance on Jumpingpound Ridge 
(N=25). 

Correlation Pearson's r p-value 

Latitude vs. Longitude 0.57 0.02 

Longitude vs. Elevation 0.48 0.09 

Table 5-5. The Jumpingpound Ridge submeadow regression statistics fiom multiple linear 
regression of the effect of coane topographical site variables on the abundance of P. 
mintheus butterfiies (log,, transforrned). 

Variable Coefficient (SE) Standardized Coefficient t significance p 

Latitude (minutes) 0.49 (0.20) 0.399 2 0.02 1 

Slope (degrees) 0.075 (0.0059) 0.473 8 3 0.0072 
l? for the full model is 0.46; N=25 

The results of the plant comrnunity data reduction are presented in Table 5-6. Signifïcant 

correlations were detected between sorne of the independent variables (Table 5-7). Only 

the most biologically relevant of the correlated predictor variables was considered in the 

model (see similar treatment of wrrelated independent variables by Forys and Humphrey 

[1998]); the ecologicai variable was retained in favour of its correlated topographical 

variable. Only one fine-sale variable was signifiant, S. fànceoliatum abundance (Table 5- 

8), and increased the amount of variation in butterfiy abundance explained by the coarse 

topographical model by IV!!!! (Table 5-5); the DCA axes describing plant comrminity 



(DCAl, DCA2 and DCA.3) and soii depth and texture were not signincant. 

Table 5-6. Results f?om the reduction of plant comrnunity data colîected for the small- 
scale model of Pmnassius sminfheus abundance, using detrended correspondance analysis 
@CA). 

Axis 1 Axis 2 Axis 3 Axis 4 

cigenvalue 0.652 0.329 O. 189 0.086 

cumulative 0/. of 28.8 43.4 51.7 55.5 
variance ex~lained 

Table 5-7. Signincant correlations between independent predictor variables in the detailed 
ecological model of P. mintheus population abundance on Jumpingpound Ridge (N=25). 

Correlation Pearson's r p-value 

log,, Sedum Imceolatm vs. Longitude 0.58 0.1 

Slope (degrees) vs. Percent Sand In Soi1 0.69 O 

Table 5-8. The Jumpingpound Ridge submeadow regression statistics from multiple linear 
regression of the effect of detaüed ecological variables on the abundance of P ~ s i u s  
mintheus buttefies (log,, transfomeci). 

Coefficient S tandardized 
Variable (SE) Coefficient t significance p 

log, Sedkm lmceolutum O. 53 1 (O. 15) 0.55 12.6 0.002 

Slo pe (degrees) 0.0 12 (0.006) 0.33 4.6 0.042 
l? for the fiiU model is 0.56; N=25 



Variables that best explain butterfiy abundance at Jurnpingpound Ridge sidarly are the 

best predictors of the abundances of the host plant, S. imceoIatum (Table 5-9). There 

were signifiant correlations between some of the predictor variables in the mode1 for host 

plant abundance (Table 5- 10). 

Table 5-9. The Jumpingpound Ridge subrneadow regression statistics from multiple linear 
regression of the effect of coane topographicd and detaüed ecologicai variables on the 
abundance of Sedum imceolatum (log,, transformed). 

Variable Coefficient (SE) Standardized Coefficient t s i dcance  D 

latitude (minutes) 0.24 (0.067) 0.565 13 0.00 14 

Slope (degrees) 0.0 14 (0.0059) 0.37 1 5.8 0.025 
R2 for the full mode1 is 0.48; N=25 

Table 5-10. Signincant correlations between independent predictor variables in the coane 
topographical and detaüed ecological of S. iunceolutum abundance on Jumpingpound 
Ridge (N=25). 

Correlation Pearson's r p-vdue 
- - -- 

Latitude vs. Longitude 0.57 0.02 

Elevation vs. Longitude 0.28 0.09 

DISCUSSION 

Murphy and Wilcox (1986) wam that criticai resource requirements for butterfiy species 

are often missed during studies of vertebrate habitat suitabiiity, and that buttedies may be 

more sensitive than vertebrates to intensive local fragmentation of habitat. In their review 



of buttedy conservation New et al. (1995) also point out that insects have experienced 

extinctions in ecosystems that managed to conserve rare vertebrates and plants. My study 

attempts to address these concems. 1 assessed large-scale habitat suitability of patches for 

a native buttedy using two levels of information: coarse topographical information and 

detailed ecological information. At a much smaller spatial scale, the quality of suitable 

habitat patches was also investigated using the same levels of information. The relative 

success of these two scaies of habitat evaluation is discussed in the context of buttertly 

population dpamics and conservation of invertebrates. 

In Alberta P. mintheus inhabits subalpine and alpine meadows where its laml host plant, 

S. Ianceokutam grows. Although distribution of this butterfly is of necessity constrained by 

the distribution of its host plant, not al1 meadows containing the host plant support 

populations of buttedies. This is not unusual because host plant ranges are oAen greater 

than those of the buttedies dependent on them ( Q u h  et al. 1998). This study attempted 

to identify those topographic and ecological variables, in addition to host plant occurrence, 

which describe suitabiiity and quality of these meadows for populations of P. mintheus at 

both the large and smaiîer d e s .  Modehg of both P. smintheus distribution in the 

province of Alberta and P. smintheus abundance in a chah of subalpine meadows was 

conducteci. 

Slope and elevation were the best large-sale predidors of P. sminiheus occurrence. 



Within the range of meadows sarnpled, butterflies were most iikely to occur on slopes 

greater than 30°, with poorly developed soils that are well drained. Drainage of soils iikely 

affects the chances of successful pupation and emergence of adult butterflies - all of which 

takes place on the soil surface. As well, these well-drained çoils are also preferred by the 

larvai host plant S. Imceolatum (Clausen 1975). Although sites ranged in elevation fiom 

1740 m to 2400 m, most buttertly meadows were between 1900 rn and 2000 m. In the 

Kananaskis Valley the average treeline is approxirnately 2200 rn but may be as high as 2450 

m (Wiiiams 1990) and in Banff National Park, treeline is generally at 1950 m on north- 

facing slopes and 2250 m on south-facing slopes (Achuff 1982). P. mintheus were less 

likely to occur in meadows lying far above treeline and was found more often at sites 

sampled at, or just below these elevations. 

If the global warming trend continues, treeline in alpine areas wiil likely rise (Grabherr et 

al. 1994). Suitable habitat for the host plant S. imceolatum and P. smintheus may 

decrease in size and become more isolated fiom other suitable habitat patches. Although 

some buttedies have been able to track shifts in habitat poleward (Parmesan et al. 1999) it 

is clear that these changes in the configuration of suitable habitat may have implications for 

P. smintheus persistence. Increasing habitat patch area and decreasing isolation of habitat 

patches fiom each other in the landscape have been suggested as management strategies to 

presem the endangered P ~ ù s  mneomosyne, which ocaipies naturaliy fiapenteci 

habitat patches in mountains of north-east Hungary (Meglkz et al. 1999). 



Meadows with sandy soils (greater than 49% sand) were more iikely to have butterfiy 

populations. This again, may be due to the effect of soi1 texture on the host plant. Sites 

with high values for DCA1 and low values for DCA3 were more likely to have butterfiy 

populations. It was expected that plant community would be important in describing 

suitability of sites for P. mintheus due to the tight link between buttedies and larval host 

plants as wel1 as their need for nectar resources. Models contairing detailed site 

information explained more of the varîability in P. smintheus occurrence than models which 

considered only topographical information (McFadden's p2 < 0.2 for the coarse 

topographcial model and McFadden's p2 > 0.2 for the detailed ecologicd model). Neither 

model explained a large amount of the variation in butterfly occurrence and this is tikeiy 

attributable to the small sample s i z e  (37 sites) and the stnictural complexity of alpine 

environments. Haslen (1997) reports that mountain landscapes are spatially 

heterogeneous. Sarnpling at a random location within a subalpine or alpine meadow may 

not be appropriate for measuring habitat suitability for insect species. An hcreased sample 

sue, estirnates of nectar plant abundance during the flight season, and host plant abundance 

as additional predictor variables, may improve the model's ability to explain occurrence of 

P. smintheus in this region. Host plant abundance was measured for the smafi-scaie model 

predicting P. smintheus abundance and is positively correlated with P. mintheus 

abundance (Chapter 4), and therefore rnay be an important factor in determinïng butterfly 

distribution in general. 
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At the small-scale, on Jumpingpound Ridge, the coarse topographical model, analogous to 

the coarse topographical model for P. mintheus occurrence, identified slope and latitude 

as important predictor variables for P. mintheus abundance. Butterfiy abundance was 

positively correlated with slope and increased towards the north-west end of the ridge. 

Jumpingpound Ridge runs from south-east to north-west (Fig. 5-2) and there is an obvious 

gradient in habitat quality from poor to good running in this direction. The coarse 

topographical model explained 46% of the variation in population size dong Jumpingpound 

Ridge. In the model containing detailed ecological information, slope continued to 

contnbute significantly to the regression (Table 5-8); however, the abundance of the l a r d  

host plant, S. Imceolatum, best explained the variation in abundance of P. smintheus and 

replaced location (%y) in the regression equation. Location on the ridge itself was 

correlated with S. Ianceolatum abundance (r4.58, p=0.098). The gradient in host plant 

abundance explains biologically why the topographical model explained so much of the 

variation in population sue of P. smintheus. Slope was positively correlated with percent 

sand in the soil and its presence in the regression iikely represents soil drainage. The 

detailed ecological model explained 56% of the variation in P.mintheus abundance on 

Jurnpingpound Ridge. 

To explore whether the sipikant predictor variables for P. mintheus abundance are also 

influencing S. lanceolbtm abundance (and hence P. smintheus induectly) I used a senes of 

similar multiple linear regression rnodels. Forty-eight percent of the variation in S. 
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Imceol~~fum abundance is explained by dope of the meadows and by their longitude on the 

ridge-top, as was the case for P. smintheus abundance. Therefore, when S. lanceofc~iurn is 

included as the predictor variable in the P. mintheus detaiied ecological model, it is aiready 

accounting for some of the effects seen for other meadow characteristics. There are 

however, additional effects of slope on P. smintheus abundance because slope is significant 

in addition to the variable for S. lmceolarum (see both Table 5-8 and Table 5-9). 

Two studies of other butterfly species identiS. microclimate diversity within habitat patches 

as an important descriptor of habitat quality. For the Kamer blue butterfly (Lycaeides 

melissa samuelis) the abundance of the larval host plant, lupine (Lupintsperennis), and the 

availabîiity of a mixture of sun and shade contributd to habitat quaiity of grasslands 

(Grundel et al. 1998). Weiss et al. (1988) found that each larval instar of the checkerspot 

buttedy, EuphyrLycis edilha, has different microclimate preferences which are influenced 

by the prevailing weather. As a result, the quality of suitable grassland habitats for this 

butterfly is related to measurements of extremely fine-sale topographic diversity, on the 

order of less than 10 cm. Measures of within-habitat were not considered in the present 

study of P. sntintheus but may be worth considering for fiiture studies of its habitat quality. 

Such fine-scde rnodeis may idente additional meadow characteristics contributhg to 

quality not detected by the present study, such as aspect. 

Slope was identiîïed as an important predictor variable in both occurrence and abundance 
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models of P. smintheus. Soii texture and dope iikely combine to describe soi1 drainage and 

are obviously important predictor variables for both habitat suitability and quality of 

meadows for P. smintheus. Again, these rnay be correlates for S. lanceoi~3tum abundance. 

To tease apart mil drainage effects on P. smintheus larval and pupal Me-stages directly, 

experirnental studies quanteng P. sintheus suMval success in meadows of different 

drainage classes (hydric, mesic, and xenc meadows) should be conducted. 

The weakness of both the logistic regression model and the DFA for P. mintheus 

occurrence suggests that using the present large-scale habitat suitability model to predict 

distributions of P. smintheus in this region is likely premature. Although the cornparison is 

not dùectly quantified, the model of P. aintheus abundance at the srnall-scale on 

Jumpingpound Ridge was relatively more successfil than the model of P. sminiheus 

occurrence. It seems that rnodelling occurrence of P. smintheus on a large d e  may be 

more difficult than understanding srnalier sale variations in their abundance. P. mintheus 

populations are best described by smaii-scale description of habitat, which is Wely the case 

for many invertebrates (Murphy and Wilcox 1986). This finding should concem managers 

of natural ueas who depend on coarse landscape classifications to idente  hot-spots of 

conservation interest by simply categorizing the landscape h to  areas of suitable and 

unsuitable habitat. 

The smd-scaie habitat quality model is strong and should be combiied with the P. 
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smintheus population-movement models from Roland et a' (in press) and Keyghobadi et 

al. (inpress) to identify the relative importance of habitat configuration (their studies) and 

habitat quaiity (this study) in determining abundance of P. mintheus and in determining 

movement of adults between meadows. The preliminary models fkom this study should be 

used to develop stronger models for predicting P. smintheus occurrence and abundance. 

These models may one day provide a much-needed smailer-scale perspective of subaipine 

and alpine meadow integrity to managers of these areas in the Canadian Rockies. 
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Chapter 6 

GENERAL, CONCLUSION 

"...it may be critical to not only characterize the Iandscape, but to be able to characterize 

the response of individuais to the landscape," (Roitberg and Mangel 1990). 



Our ability to define habitat suitability and habitat quality for a species depends on a 

thorough understanding of its natural history, in order to adequately identie its resource 

requirements (Hanski and Thomas 1994). The goal of this thesis was to quant* habitat 

suitability and quality of subalpine and alpine meadows for the buttedy Pamassius 

smintheus. In pursuit of this goal, meadow characteristics were measured and related to 

butterfly occurrence and abundance. Although availability and abundance of resources 

ccntribute to habitat suitability and habitat quality, individuals can rnitigate dxerences in 

these through behaviour (Roitberg and Mangel 1997). Simply quantifjmg required 

resources and overlooking the role of behaviour may fail to explain patterns of animal 

distribution in the landscape. The behaviour of adult females and larvae were therefore 

studied in response to a critical resource, the larval host plant. 

Larval P. smintheus are monop hagous, feeding almost exclusive1 y on lance-leaved 

stonecrop, Sedum lmceolafum. Adult female and lama1 behaviours were studied in 

relation to the host plant to determine whether females consider the suitabiiity andor 

quality of habitat and oviposition sites for their offspring, and if larvae are able to relocate 

from hatching sites onto suitable host plants. Field obsexvations of adult female P. 

smintheus in Chapter 2 suggqt that they do not orientate to the host plant during flight, 

instead landing on most suitable nectar plants, Uicluding the host plant, in proportion to 

their availability. Despite fiequent landings and ovipositions off of the host plant, S. 

Iunceolalum does eiicit oviposition. In unsuitable habitat femdes behaved dinerentiy than 
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they did in suitable habitat; females dispersed greater distances (average step length in non- 

habitat > 10 m and in habitat - 6.5 rn) between landing sites and oviposited significantly 

less than in suitable habitat. It appears however, that females did not distinguish between 

different quality meadows provided that there were some S. k'm~ceolnlurn. They did, 

however, detect dBerences in habitat suitability. The abüity of females to recognUe non- 

habitat and alter their behaviour accordingly, by emigrating fiom it and retaining eggs, is 

critical for their reproductive success. These movement and oviposition behaviours likely 

prornote residency, or retention, of adult females in suitable meadows and their dispersal 

fiom non-habitat. 

Because females oviposit off of the host plant, first-instar larvae must move to find their 

own food source. In Chapter 3 larval mobility and search ability were investigated. First- 

instar larvae were highly mobile in the laboratory setting. Estimated movement based on 

laboratory studies, when applied to known distributions of the laml host plant in suitable 

meadows on Jumpingpound Ridge, suggested that larvae are indeed capable of moving 

fiom random locations (or oviposition sites) to a host plant. Late-instar lame were 

released f?om a host plant at distances thît were intended to mimic random oviposition 

events by females (1 cm to 16 cm). The distance at which they were released fiom S. 

lmceolatum did not affect their search success; most were capable of locating the host 

plant in less than IS minutes. Movernents of late-instar larvae were directed towards the 

host plant in laboratory bioassays. Experienced lawae searched for the host plant and 
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directed their movement towards it. Because of the mobility and search-ability of larvai P. 

mintheus, the random pattern of ovipositions by f e d e s  in suitable habitat may not be as 

costly as first expected. Larvae demonstrated the ability to rnitigate oviposition 'errors'. 

The proximity, abundance andor spatid pattern of the host plant however, rnay affect 

larval search success and ultimately determine suitability or quality of meadows for lamal 

P. mintheus. 

To determine whether adult females and larvae respond to the abundance and spatial 

patteniing of the host plant, these host plant attributes were measured at femaie oviposition 

sites and were also related to l a m l  feeding events in Chapter 4. Although females 

assessed suitabiiity of meadows for their offspring (Chapter 2), adult females oviposited in 

random locations within suitable meadows without considering the proxirnity, density, or 

spatial arrangement of the host plant (Chapter 4). Larval feeding damage was distributed 

randomly among available host plants, suggesting that d e r  leavhg one plant, larvae do not 

move directly to the next-nearest host plant to resume feeding. Abundance of both larvae 

and adult P. mintheus were positively correlated with the abundance of the larval host 

plant; meadows that are of high quality for adults are Wcely also of high quality for larvae. 

Although abundance of the larval host plant varies arnong Jumpingpound Ridge meadows, 

spatial patteming does not ditfer among hem, nor were there any detectable effects of host 

plant spatial patteming on adult or l a d  population size. Abundance of the land host 

plant, therefore, is an important measure of habitat quality for P. mintheus, whereas host 



plant spatial point patternhg is not, at least not at the spatial scale over which females 

move to oviposit and larvae move to feed on a plant. 

Topographical and ecological models at a large scde (BanffNational Park and Kananaskis 

Country, Alberta) and at a smail sale (Jumpingpound Ridge) identified those variables that 

were correlated with occurrence and abundance patterns of P. smintheus, respectively, in 

particular the effects of slope, soil texture and plant community. Ecological models were 

an improvement over topographical models - explaining more of the variation in both 

occurrence and abundance of P. mintheus. Percent sand ir~ the soil and plant community 

type were the best independent variables for explainhg butterfly occurrence; slope 

(correlated with percent sand in the soil) and host plant abundance were the best covariates 

for describing buttedy abundance. These may have been correlates of host plant 

abundance. Host plant abundance was not measured at the larger-scale and may explain 

why the model describing abundance of P. smnitheus was more successfil than the model 

relating meadow characteristics to P. smintheus occurrence. 

Because of the weakness of the occurrence model it is doubtfbl that coarse landscape 

classifications, commonly used for management of natural areas, wiii adequately protect 

suitable habitat for this buttedy, unless larger areas are set aside which would include ail 

meadow types. Descriptive models fkom Chapter 5 can be used as a blueprint to create 

predictive rnodels of habitat suitability and habitat quality of alpine and subalpine meadows 
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for P. mintheus, particularly if deliberate management strategies such as fue were used to 

alter vegetation structure (treeline) and composition. 

Although models of habitat suitability and quality for P. mintheus developed here only 

partially descnbe suitable habitat for P. smintheus, they have improved our knowledge of 

P. smintheus natural history- providing meaningful information for current population 

models of P. smintheus (Keyghobadi et al. in press, Roland et al. in press) and fuhire 

studies of P. smintheus. Determining how adult females respond to larval resources is 

important for understanding the mechanism of adult female oviposition and dispersal, 

which in tum will help us to understand how males disperse in response to females. 

Quantifjmg larval mobility and search ability helped us to better assess the cost of adult 

female oviposition off of the host plant. By relating both adult female behaviours and larval 

behaviours to the host plant, they were set in an ecological context, thus improving our 

ability to understand how meadow characteristics affect their suitability and quality for the 

alpine bunedy P. smintheus. It is dear fiom this study, and those of other butterfiy 

species, that maintainhg viable populations of native Lepidoptera requires consideration of 

iXe-history and behavioural information. In Europe and some parts of North America 

Lepidopteran habitat is disap pearing or s u f f e ~ g  from degradation causeci by 

anthropogenic fragmentation of the landscape. The province of Alberta is fortunate to be 

in a position to prevent extirpation of native butterfiies provided it initiates a conservation 

effort founded on ecological studies, which consider not only distribution records of 



butterflies but also ident@, describe and quanti& resources at a scale appropriate to 

species of concem. 
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Appendix A 

Table A-1. Egg laying sites during the fernale flight path observations in the non-habitat, 
poor-quality and good-quality meadows (total eggs laid, 49). 

Egg laying site Nofihabitat Poor-Quality (J) Good-Quality (G) 

Anemone ptens 1 

CastiIleja sp. 
- 

Dryar octopetala 9 

Epilobium angrr~lijoiium 1 

Galium boreale 2 2 

Grass 2 1 5 
-- - 

Dead Grass I 4 

- 

oxytropis sericea 1 1 

Sedum lunceolatum 2 

Ground 2 1 

Rock 



Appendix B 

Spatial Point Pattern Analysis: Ripley's K-function 

The rnethods selected for quantifjing the characteristics of spatial point patterns of S. 

Imtceolatum in this paper include univariate and bivariate versions of Ripley's K-function 

analysis. Ripley's Univariate K-fiinction analysis is used to idenw spatial patterns of one 

type of event (or point). Like the estimation of variance, Ripley's K-hnction is a second- 

order analytical method @ i d e  1983, Boots and Getis 1988) which calculates the 

variance of distance measurements for all combinations of pairs of points. The expected 

number of other events within distance t of an arbitrary point (E[N1)fl divided by the 

intensity of the spatial point pattern (A, or the number of points, n, divided by the study 

area, A), is the secondsrder cumulative function Ka, Ripley's K-fiinction (lùpley 1976): 

If distribution data were generated fiom a random process in the study m a ,  as the 

distance, t, increases tiom an arbitrary point, the probabiiity of encomtering a neighbouring 

point would increase exponentidy @iggle 1983): 

Edge effects exist for events within the study area which have their neighbouring circle of 

radius t outside the study area boundaries. Previous studies have included an edge 
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correction in the calculation of K(0, by weighting the proportion of the circle centered at i 

with radius z in the study area (Andersen 1992): 

where A is the size of the study area; n is the total number of events considered; u,is the 

distance between the events i and j; w, is the edge correction term, equal to the propoxtion 

of the circle, centered at i with radius t, in the study area; and I luJ  is equal to 1 if u, is less 

than r and O otherwise. Diggle (1983) provides fomulae for the value of w, when the 

study plot is a rectangle or a circle. For other shapes this value has to be calculated 

numencally (Andersen 1992). There are some problems with this method of edge 

correction (see discussions by Getis & Franklin 1987, Haase 1995, Dale and Powell in 

preparation). Calculations for the edge correction term for the Ripley's K-function 

analysis were modified to meet the definition of Haase (1995): the @) estimates assume 

that the area outside the study area has a point density and distribution pattern sllnilar to 

that within the study area, closest to the edges, and generates x, y coordiiates of points 

lying outside the study area. Points lying near the edge with cucles radius t Iying outside 

the study area now have points within radius t of them for esthates of @), thereby 

eliminating the need of the edge correction term (w,) in Equation 3. Known spatial 

patterns were generated (clustered, random and regular) in the S+ spatial statistics program 

(Kaluzny et al. 1998), Pnd were run through the calculations. Results adequately deteaed 



the depamire of the spatial point pattern fiom complete spatial randomness. 

To d e t e d e  if the pattern observed is significantly different from random, maximum and 

minimum envelopes were generated using Monte Carlo simulations. Ninety-five percent 

confidence envelopes were detennined by the 2.5 % tails of the estimates ofR(i at each 

distance t for one hundred simulations, of the same number of points placed at random on 

the sarnpling area. Where the observed K(i) iay outside the confidence envelopes the 

spatial point pattem was considered to diKer significantly from the nul1 hypothesis of 

complete spatial randomness. To improve visual interpretation of the calculations, t ( r )  was 

plotted against t. &'l,l is the square root transformed and standardized K(r). The expected 

value of t ( r )  for complete spatial randomness approximates zero at each distance t: 

t(t) greater than the confidence envelope indicates departure 60m complete spatial 

randornness in the direction of clustering of events, t(0 less than the confidence envelopes 

suggests over-dispersion or regular spacing of events and values of LO) lying within the 

confidence envelopes indicate that the obsewed spatial pattern does not düret si@cantly 

from complete spatial randomness (Fig. B-1). 



Fig. B- 1. A graphical representation of lüpley's Univariate K-fbnction analysis. The open 
circles represent the t(t) estimates for the observed spatial pattern of Sedum Imceolatum 
plants in one plot. The solid h e s  represent the 95% confidence envelopes from the 
Monte-Carlo simulations. From distance, t, 0.05 m to approximately 0.95 m the spatial 
pattern of S e h m  Imceohtum is sigiuficantly dserent firom random in the direction of 
clustering, fiom 0.95 m to 1.4 m t(i lies within the confidence envelopes and indicates that 
the spatial pattern appears random, and from 1.4 m to 2.4 m the t(i) lies below the 
confidence envelopes because the spatial pattern is significantly different from random, in 
the direction of regularity. 



Ripley9s Bivariate K-function 

If data have been gathered in the same region for more than one type of event (or point), 

such as two types of host plant, the bivariate version of Ripley's K-function can be used to 

determine ifthe observed spatial point pattern of one type of point is associated with the 

spatial point pattern of another type of point (Diggle 1983). The nuil hypothesis for 

Ripley's Bivariate K-fùnction is that the two types of points are independent of one another 

(the two types of points do not interact) at a range of distances, t. Rejection of the nul1 

hypothesis at a given distance, t, indicates that the two types of points have a positive 

(aggregated) association or a negative (segregated) association. x,,(r) and K,,(i) are 

estimates of the number of type 2 events within radius t of a type 1 event and the number of 

type 1 events within radius i of a type 2 event, respedively. 

Where nl and n2 are the number of type 1 and type 2 events, respectively, A is the area of 

the study plot; 4 is a caunter variable; uU is the distance fkom the ith type 1 event to the jth 

type 2 event; v, is the distance from the ith type 2 event to the jth type 1 event; and w, is 

the proportion otthe circle, centered at i with radius t, in the shidy region. When you 
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combine the counter variable and the distance variables, 1, and u, in Equation 5 or 1, and v, 

in Equation 6, it is equai to 1 Su,  or v, is less than t and O otherwise. t(t) is the bivariate 

association of the two species, and square-root transforms and standardizes @i) as in the 

Ripley's Univariate K-fùnction, where the expected value of t(} for complete spatial 

randomness approximates zero at each distance t (Diggle 1983). Calculations for the edge 

correction term for the bivariate Ripley's K-function andysis were modified to meet the 

definition of Haase (1995), where the K ,  (0 and K,,(r) eshates assume that the area 

outside the study area has a point density and distribution pattern similar to that of the 

study area closest to the edges and generates x, y coordinates of points lying outside the 

study area. Points lying near the edge with circles radius t lying outside the study area now 

have points within radius i of them for estimates of K,, (0 and K,,(r), therefore; the edge 

correction terni (wJ can be dropped fiom Equations 5 and 6. 

To determine if the pattern observeû is significantly dEerent fiom the random nuii 

hypothesiq maximum and minimum envelopes were generated fiom Monte Car10 

simulations. Ninety-five percent confidence envelopes were detemhed by the 2.5 % taüs 

of the estimates oftp) at each distance t fiom one hundred random shuffüngs of the labels 

(type 1 and type 2), ofthe same number of points in the same position. UnIike the Ripley's 

Univariate K-fùnction, this version of the Ripley's Bivariate K-fûnction does not compare 
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the observed point pattern to one of complete spatial rdomness by randomly tossing the 

same number of points on the study area. Rather, it holds the underlying pattern of points 

(e.g., the x, y coordinates of S. fmceolutum plants) constant and randomly shuffles labels 

(e.g., presence of lamal feeding darnage or absence of lanial feeding damage) arnongst the 

observed points (in Andersen 1992 this method was referred to as "a test of random 

markhg"). Nere the observed t(0 lies outside the confidence envelopes the bivariate 

spatial point pattern was considered to differ significantly fkom the nuil hypothesis, thus 

indicating association (departure fiom independence) between the two types of points. 

L ( i  greater than the confidence envelope indicates that the two types of points are 

positively associated (aggregated) given the underlying spatial arrangement of points and 

less than the confidence envelopes suggests that the two types of points are negatively 

associated (over-dispersed or regular) given the underlying spatial arrangement of points 

(Fig. B-2). The program used to estimate Ripley's Univariate and Bivariate K-fùnctions is 

Potemkin fiee software, and a copy can be obtained on the Intemet at: 



Fig. B-2. A graphical representation of Ripley's Bivariate K-function analysis. The open 
circles represent the t ( r )  estimates for the observed bivariate association of Sedum 
lancedatum plants with larval feeding damage and Sedum imceolatum plants without 
larval feeding darnage, for one plot. The solid lines represent the 95% confidence 
envelopes fiom the Monte-Carlo simulations. From distance, t, 0.3 m to approximately 0.6 
m the spatial pattern of plants with and without larvd feeding damage are positively 
associated; fiom 0.6 m to 1.1 m and fiom 2.2 m to 2.5 m the spatial pattern of plants with 
and without larval feeding darnage do not appear to interact; and fiom 1.1 m to 2.1 rn the 
spatial pattern of plants with and without l a r d  feeding damage are negatively associated, 
given the underlying spatial pattem of S. Ianceokatum. 
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