
 

 

 

 

 

 

Population Dynamics of the Endangered Karner Blue Butterfly  

(Lycaeides melissa samuelis Nabokov) 

By 

 

Steven G. Fuller 

 

A dissertation 

submitted in partial fulfillment 

of the requirements for the 

Doctor of Philosophy Degree 

State University of New York 

College of Environmental Science and Forestry 

Syracuse, New York 

April 2008 

 

 

 

 

 

 

 

 

Approved: 

 

 

 

________________________________    ________________________________ 

Donald J. Leopold, Major Professor     René H. Germain, Chair, 

         Examining Committee 

 

 

 

________________________________    ________________________________ 

Donald J. Leopold, Chair,      Dudley J. Raynal, Dean, 

Department of Environmental and Forest Biology   Instruction and Graduate Studies



ii  

 

ACKNOWLEDGEMENTS  

 

  

As I sit here on this cold porch so that I wonôt fall asleep, trying to wrap this thing up in 

the middle of a full moon night, I thank you, spring loon singing below me on Lake Horace, New 

Hampshire; it truly is for you that I am here.  As for people, I would like to acknowledge Don 

Leopold, Brian Underwood, James Gibbs, and Neil Gifford for their invaluable contributions to 

this dissertation research.  I thank Peter Tolson of the Toledo Zoo, Toledo, Ohio, for allowing me 

access to his captive breeding reports and granting me permission to analyze and publish his data 

in this dissertation.  I thank David Van Luven and Alaine Peteroy for their dedicated captive 

breeding work as former employees of The Nature Conservancy in Concord, New Hampshire, 

and Doug Bechtel of The Nature Conservancy for providing access to David and Alaineôs reports 

to the Conservancy and allowing me to analyze and publish the data in this dissertation.  The 

New Hampshire Fish and Game Department shares ownership of all the Karner blue monitoring 

and captive breeding data from New Hampshire published in this dissertation, and I thank the 

Department for allowing me to analyze and publish the data.   I thank Dolores Savignano of the 

U.S. Fish and Wildlife Service for granting me permission to analyze and reproduce her data 

originally published by IUCN (1992).  I would like to thank the Albany Pine Bush Preserve 

Commission, the New York State Department of Environmental Conservation, and the New 

York State Office of Parks and Recreation for their generous funding, and Kirstin Breisch, Victor 

Salamone, Maija Benjamins, Trish Mangen, and Brent Kinal for their hard work in the field.  I 

especially appreciate Don Leopold, SUNY College of Environmental Science and Forestry, John 

Kanter, and all the staff at the New Hampshire Fish and Game Department for their continued 

support during long periods of strained balance between my academic and employment 

commitments.  Most of all, I am deeply grateful to my parents for years of loving support, and to 

my wife Stacy and daughter Zudi for their love, patience, and humor on this long road. 

 



iii  

TABLE OF CONTENTS  

 

Acknowledgements éééééééééééééééééééééééééééééé ii 

Table of Contents éééééééééééééééééééééééééééééé.. iii 

List of Tables éééééééééééééééééééé...ééééééééééé. vi 

List of Figures  ééééééééééééééééééééééééééééééé viii 

Abstract é...................................................................................................................................... 1 

Chapter 1 - Introduction ................................................................................................................. 3 

Species Biology éééééééééééééééééééééééé..ééé... 3 

Objectives éééééééééééééé...ééééééééééééé..éé. 4 

 Synopsis  of  Chapters éé.éééééééééééééééééééééé..é 5  

Figures é.ééééééééé..ééééééééééééééééé.éé...é 7 

Chapter 2 ï Two case studies of fragmented L. m. samuelis metapopulations éééééé.é 9 

Abstract ééééééééééééééééééééééééééé..éééé 9 

Introduction ééééééééééééééééééééééé...ééé..éé. 10 

Methods éééé...éééééééééééééééééééééééé..é... 13 

Study Area éééééééééé.ééé.éééé..ééé..ééééé. 13 

Sampling and Data Collection ééé.éééééé.é..ééé..éééé... 13 

Analysis ééééééééééééééééééé.éééé..éé.éé 15 

Results éééééééééééééééééééééééééééééé..é 19 

  Population Parameter Estimates ééééééééééééééé...éé... 19 

  Migration, Demography, and Allee Effects éééééééééé...ééé.. 20 

  Migration, Habitat, and Landscape Effects ééééééééé.é..éé.é.. 21 

Discussion ééééééééééééééééé...éééééééééé..é... 22 

Migration, Demography, and Allee Effects ééééééééééé.é..é.. 22 

  Migration,  Habitat, and Landscape Effects ééééééééééé...éé.. 24 

  Road Effects ééééééééééééééééééééééé..é.é.. 26 

 Theoretical  Implications ééééééééééééééééééé..é... 27 

Conclusionséééééééééééééééééééééééééééé.é.. 29  

Tables éééé.ééééééé..éééééééééééééééééé...é. 33 

Figures é.ééééééééé..ééééééééééééééééééé...é 37 

Chapter 3 ï L. m. samuelis life history effects on lambda and fitness éé.éééééééé 42 

Abstract éééééééééééééééééééééééééééé...éé. 42 

Introduction  éééééééééééééééééééééééééé...éé.. 42 

Methods éééééééé.ééééééééééééééééééééé...é 48 

Stage matrix population model é...éééééé...éééééééé..éé 48 

   Simulation and estimation of stage matrices éé..éééééééé..é.é.. 52 

  Simulation Series 1: Estimation of constant matrix elementséééé..é...é. 53 

Simulation Series 2: Retrospective and potential elasticity of ɚ é.éé.é..é. 55 

Simulation Series 3: Experimental perturbation of mean vital rates .é.........é. 56 

Results éééééééééééééééééééééééééééé..é.é... 58 

  Simulation Series 1: Estimation of constant matrix elementséééé..é...é. 58 

 Simulation Series 2: Retrospective and potential elasticity of ɚ éé.....é...é. 59 

Simulation Series 3: Experimental perturbation of mean vital rates éé.......é 59 



iv 

Discussion éééééééééééééééééééééééééé.éé..é. 60 

  Population implications éé.ééé.éééééééééé...ééééé.. 60 

Egg survival éééééééééé.ééééééééééééé...éé. 62 

Larval survivalééééééééé.ééééééééééééé...éé.. 64 

    Adult survival éé...ééééé.é.éééééééééééééé.éé 66 

              Adult fecundity éééééééé.éé.éééééééééééé...é... 67 

Conclusionséééééééééééééééé..ééééééééééé...é.. 69 

Tables ééééééééééé..éééééééé..ééééééééé.é.é. 73 

Figures éééééééééé..éééééééééé..éééééééé.é.é 76 

Chapter 4 - General metapopulation dynamics of L. m. samuelis éééééééééé..é. 83 

Abstract ééééééééééééééééé.ééééééééé..éé..é... 83 

Introduction éééééééé...ééééééééééééééééé..é.éé 84 

Methods ééééééé...ééééééééééééééééééé..é.éé.. 89 

         Population demography ééééééé.ééééééééé..é.éé..é. 89 

   Carrying capacity éééé..ééééé..éééééééééé.éééé 91 

   The Allee effect ééééééééé.é.éééééé.ééé..ééé...é 91 

   Initial abundance ééééééééé.ééééééé.é..éééééé.. 92 

   Metapopulation demography ééééé..éééééé.ééé..ééé..é 93 

         Sensitivity analysis éééééééééééééééé..ééééééé. 94 

Viability criteria ééééééé..éééé.éééééé..é.ééééé  96 

         Interpreting indicators of viabilityééééééééééé.é....éé.é.....  96 

              Approximation of minimum habitat requirement based on carrying capacity..... 97 

Results éééééééééééééé.ééééééééé...ééééééé  99 

   Uncertainty in stage matrix elements éééé..ééééé..éé.éééé  99 

   Uncertainty in stage matrix variances ééé...é..ééééé..ééé...é.. 100 

   Sensitivity  to density dependence parameters éééééé..é.éé.é.é..100 

   Minimum viable population size (MVP)  é..éééééééé...éé.éé 101  

   Approximation of L. perennis stems to support brood2 females é.éé..é.... 101 

   Stage-specific risk assessment ééééé..ééééééééé.é...é.é 102 

   Sensitivity to the interaction of dispersal and fragmentation é..é...ééé.... 103 

Sensitivity to population synchrony éééééééééé....é...ééé.... 103 

Discussion éééééééééééééééééééé.éééééé..éé... 104 

   Model validity .éééééééééééééééééééééé.éé.. 104 

   The form of density dependence  ééé..ééé.éééééééé.é..é. 105  

   Stage-specific risk assessment ééééé..éééééééééé.....éé 107 

         Spatial structuring and fragmentation of populations .éééé..é..éé...é 107  

 Population synchrony .éééééééééééééééééé.ééé.. 108 

Metapopulation viability .ééééééééééééééééé.ééé.. 109   

        Conclusions ééééééééééééé..ééééééééééé...ééé... 110 

  Tables éééééééééééééééééééééééééé...éé.é.é 114 

  Figures ééééééé.ééééééééééééééééé..........é.ééé 121  

Chapter 5 ï Conclusions and Synthesis éééééééééééé..ééééééé..é. 127 

Advances in L. m. samuelis population biology é...ééééééééééééé. 127 

 The conservation implications of butterfly evolutionary demography éééééé.. 129 

Threats to L. m. samuelis viability ééé...é.ééé..éééééééééé..é  130 

 Preserve design and population management ééééééééééééééé.... 132 



v 

Literature Cited éééééééééééééééééééééééééééééé.. 133 

Appendix 1 ï Tests of capture and survival assumptions éééééééééééé.éé. 148 

Appendix 2 ï Mark recapture parameter estimates and summary statistics é....ééééé.. 150 

Appendix 3 ï Canonical correlation summary statistics ééééé.ééééééééé... 155 

Appendix 4 ï Vital rate estimation and data ééééé...ééééééééééééé... 156 

Appendix 5 ï Eigenanalysis ééééééééééééééééééééééééé... 163  

Vita é...é...ééééééééééééééééééééééééééééééé... 164 

 

 

 

 

 

 

 

  

 

 

 



vi 

LIST OF TABLES  

 

Table 2.1.   Regression models explaining decline in reproductive vigor prior to extirpation of 

the fragmented New Hampshire L. m. samuelis population éééééé...é. 33 

 

Table 2.2.   Dependence of migration on demographic factors ééééééééé..é.... 34 

 

Table 2.3.   Dependence of migration on habitat factors ééééééééééééé.... 35 

 

Table 2.4.   Dependence of migration on interactions between habitat, demographic, and 

landscape factors ééééééééééé..ééééééééééé...é. 36 

 

Table 3.1.    Vital statistics estimated from captive breeding data and published studies   

éééééééééééééééééé.ééééééééééééé.. 73 

 

Table 3.2.    Vital rates used to estimate matrix elements ééééééé....ééééé.... 74 

 

Table 3.3.    Matrix elements and fecundities estimated by boot-strapping é...ééééé. 75 

 

Table 4.1.   Parameter estimates for GENERAL, BEST, and WORST stage matrices  

éééééééééééééééééééééééééé................é. 114 

 

Table 4.2.   Parameters for the status quo L. m. samuelis metapopulation ééééé..é. 115 

 

Table 4.3.   Female-only carrying capacity and upper/lower threshold abundances at stable 

stage distribution according to viability criteria (USFWS 2003) ééé.éé. 116 

 

Table 4.4.   L. m. samuelis metapopulation model sensitivity ééééééé.................. 117 

 

Table 4.5.   L. m. samuelis metapopulation risk analysis éééééééééééé...... 118 

 

Table 4.6.   Minimum habitat requirements to support L. m. samuelis at carrying capacity 

éééééééééééééééééééééééééééééé..... 119 

 

Table 4.7.   Estimated eggs/stem to yield observed brood2 abundances observed via mark-

release-recapture éééééééééééééééééééééé.é... 120 

 

Table A1.1.   Failure rates for tests of equal capture assumptions éééééééééé.. 148 

 

Table A1.2.   Failure rates for tests of equal survival assumptions ééééééééé..... 149 

 

Table A2.1.   Experiment-wide population parameter estimates éééééééééé..... 150 

 

Table A2.2.   Population parameter estimates for Block0 (SEFCU) éééééééé.é.. 151 

 



vii  

Table A2.3.   Population parameter estimates for Block1 (Apollo South) éééééé.é. 152 

 

Table A2.4.  Population parameter estimates for Block2 (Apollo North) ééééééé.. 153 

 

Table A2.5.  Experiment-wide mark-recapture summary statistics éééééé..ééé.. 154 

 

Table A3.1.   Canonical correlation summary statistics ééééééééééééé.é. 155 

 

Table A4.1.   Cohort data from captive breeding programs ééé..éééééééé.é. 156 

 

Table A4.2.   Demographic variance of vital rates estimated from captive breeding data 

éééééééééééééééééééééééééééééé..... 161 

 

Table A4.3.   Process variance estimated from mark-release-recapture data éé.éééé. 162 

 

Table A5.1.    Results of eigenanalysis ééééééé..ééééééééééééé... 163 

 

 

 



viii  

LIST OF FIGURES 

 

 

Figure 1.1.   Data supporting metapopulation model development  éééééééé..é.... 7 

 

Figure 1.2.   Evaluation of assumptions in support of metapopulation model é....................... 8 

 

Figure 2.1.   Lycaeides melissa samuelis study area in Albany, NY ééééééééé.... 37 

 

Figure 2.2.   Evidence for the Allee effect on the extirpated Concord, New Hampshire 

metapopulation ééééééééééééééééééééééé........ 38 

 

Figure 2.3.   Classification of paired plots and canonical axes éééééééééééé 39 

 

Figure 2.4.   Displacement squared (D
2
) vs. number of moves ééééééééééé.... 40 

 

Figure 2.5.   Preserve design illustration ééééééééééééééééééé..é 41 

 

Figure 3.1.    Karner blue butterfly life cycle graph éééééééééééééééé.. 76 

 

Figure 3.2.   Boxplots for simulated ɚ distributions under full randomization, extremes in the 

survival process, and extremes in demography ééééééééééé..é. 77 

 

Figure 3.3.   Elasticity of lambda, estimated by several techniques éééééééééé. 78 

 

Figure 3.4.   Effect of stage-specific release from depressed vital rates éééééééé.. 79 

 

Figure 3.5.   The functional relationship of ɚ and fitness in response to variation in the vital 

rates of L. m. samuelis ééééééééééééééééééééé...... 80 

 

Figure 3.6.   Simulated effect of natural selection on reproductive rate and timing éééé 81 

 

Figure 3.7.   The bivariate response of ɚ and reproductive value (RV) to variation in vital rates 

éééééééééééééééééééééééééééé.ééé.. 82 

 

Figure 4.1.   Karner blue butterfly life cycle graph ééééééééééééééé.... 121 

 

Figure 4.2.   Observed vs. modeled Allee effect éééééééééééééééé.... 122 

Figure 4.3.   Simulation trajectory summaries for BEST, WORST, and GENERAL models 

ééééééééééééééééééééééééééééé.é.... 123 

 

Figure 4.4.   Metapopulation interval extinction risk sensitivity to stage matrix standard 

deviations éééééééééééééééééééééééééé... 124 

 



ix 

Figure 4.5.   Metapopulation interval extinction risk sensitivity to stage-specific catastrophes 

ééééééééééééééé..ééééééééééé..ééé..... 125 

 

Figure 4.6.   Metapopulation interval extinction risk sensitivity to migration (M) at increasing 

levels of NULL éééééééééééééééééééééé.éé. 126



1 

ABSTRACT 

 

Fuller, Steven G. Population Dynamics of the Endangered Karner Blue Butterfly (Lycaeides 

melissa samuelis Nabokov).  Typed and bound thesis, 164 pages, 26 tables, 20 figures, 2008. 

 

Urbanization and fragmentation in extant eastern U.S. populations may limit Karner blue 

recovery.  My objectives were to:  1) conduct a mark-release-recapture study (MRR) in New 

York and analyze a time series from New Hampshire to investigate the influence of Allee 

dynamics and fragmentation on metapopulations; (2) parameterize a stage matrix; (3) conduct a 

life table simulation analysis (LSA) to evaluate the implications of Karner blue life history for 

recovery alternatives; (4) conduct a population viability analysis (PVA) to evaluate 

metapopulation sensitivity to fragmentation and other risks; and (5) derive minimum viable 

population size (MVP).   

Fragmentation effects observed in the MRR include null migration to roadside areas 

(males=46%; females=50%) and migration rates ranging from 45% in small isolated habitat 

patches to 2% in the largest.  In New Hampshire, Allee dynamics limited egg and larval yield 

prior to extirpation.  The two studies indicate that colonization and persistence of small isolated 

patches are tenuous in fragmented systems.   

Few species with complex life cycles and non-overlapping generations have been studied 

using LSA.  Most LSA studies emphasize elasticities of the intrinsic rate of increase (ɚ); 53% of 

Karner blue matrix replicates had ɚ<1. To complement ɚ, I analyzed reproductive values, which 

weight the fitness of each life stage.  Fitness of the oviposition rate alternated between latent and 

senescent females across extremes in ɚ.  Butterfly foraging theory predicts that larval vs. adult 

foraging strategies control the timing of ovipositing.  Alternating fitness between stages 

demonstrates a mechanism for natural selection on foraging strategies, and may be an uncommon 

example of disruptive selection.  Management targeted at optimizing foraging opportunities and 

enhancing ovipositing fitness may significantly stimulate population growth; negative growth 

will likely result from adverse change in environmental pressures. 

I ranked habitat loss and null migration as catastrophic risks, with egg and larval 

mortality second.  Endangered species recovery plans require MVP, but few report them.  

Population managers require absolute targets in order to prescribe adequate habitat management 

and design preserves.  I developed a theoretical framework for relating PVA results to absolute 

Karner blue abundance and habitat requirements, allowing hypotheses about progress toward 

MVPs to be tested. 

 

 

Keywords:  Lycaeides melissa samuelis, dispersal, fragmentation, metapopulation, road effect, 

demographic stochasticity, reproductive value, fitness, life history, stage matrix, population 

viability analysis, life table simulation analysis, minimum viable population, foraging, 

ovipositing  
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Chapter 1 

INTRODUCTION ï Overview to Dissertation 

SPECIES BIOLOGY   

The federally endangered (Clough 1992) Karner blue butterfly Lycaeides melissa 

samuelis Nabokov (Lycaenidae) once inhabited xeric habitats supporting its obligate host plant, 

blue lupine (Lupinus perennis), in a band extending across the Great Lakes region and east to the 

Atlantic.  Lycaeides melissa samuelis are monophagous, utilize diverse nectar sources, and 

require a mix of open and partially shaded habitats (Dirig 1994; Smallidge et al. 1996; Grundel 

1998).  Lycaeides melissa samuelis is bi-voltine with obligate larval feeding on Lupinus perennis 

L. during April-June.   

Eggs laid by the 2
nd

 brood (July) enter an obligatory diapause and over-winter on 

vegetative material, primarily L. perennis and Schizachyrium scoparium (Dirig 1994; Grundel 

1998).  The host plant L. perennis is dependent on regular disturbance to maintain high light 

conditions and exposed bare soil for recruitment (Smallidge et al. 1996).  Because of their life 

history and habitat requirements, it is generally accepted that L. m. samuelis population dynamics 

are well described by metapopulation theory (Givenish et al. 1988; USFWS 2002), although 

actual data are scant.  The northeastern portion of the historic range of the species is rapidly 

shrinking (USFWS 1992).   

Climate change has been widely implicated as a risk to threatened butterfly species.  

Since Pollard (1991) observed widespread weather patterns in association with synchronous 

fluctuations in butterfly populations.  Long-term phenological changes of both alpine vegetation 

and Lepidoptera induced by climate change, leading to perturbations in inter-specific 

relationships and availability of host and nectar plants were documented by Walther et al. (2002).  

Dirig (1994) observed that the southern range boundary of L. m. samuelis coincides with the line 



4 

of 80 to 120 days of continuous snow cover, and hypothesized that they were correlated.  

However, Savanick (2005) did not find a relationship between population growth and snow 

depth, but other winter and spring weather variables were significant.  Under increasing 

fragmentation and pending climatic risks, the fate of the species is uncertain. 

 

OBJECTIVES  

 The goal of my dissertation research was to describe the population dynamics of L. m. 

samuelis.  My goal necessitated a complex process involving data synthesis and meta-analysis, 

model parameterization, testing of assumptions, and many simulations.  Figures 1.1 and 1.2 map 

the analytical process.  By observing the spatial dynamics of a marked sample in a fragmented 

population, I was able to measure the effect of fragmentation on migration among populations 

and on colonization of isolated habitat patches.  I also obtained robust estimates of survival.  

Data on survival and migration filled a critical gap in the literature on L. m. samuelis vital rates.  

Synthesizing these data with data from published studies and captive breeding programs, I 

parameterized a stage matrix for within population dynamics and a generalized population 

viability analysis (PVA) for metapopulation dynamics.  Thorough evaluation of density 

dependence is necessary for model projections.  To that end, I quantified Allee effects and 

developed a theoretical framework for relating habitat to carrying capacity and abundance 

estimates.  The models I developed allowed me to evaluate the contributions of individual life 

stages to population growth and overall fitness of the species, with important implications for 

population management.  I evaluated many of the assumptions necessary to complete spatially 

explicit PVAs, which will provide a powerful tool to assist USFWS and population managers in 

meeting recovery objectives.   
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SYNOPSIS OF CHAPTERS  

In Chapter 2 (Two case studies of fragmented L. m. samuelis metapopulations) is a study 

of factors influencing migration in a fragmented metapopulation.  I analyzed a time series for the 

extirpated New Hampshire population and demonstrated the operation of Allee dynamics on 

yield of eggs and larvae per female.  Movements of a marked population of butterflies were 

studied in a system of plots in and around the Albany Pine Bush Preserve, Karner, NY.  The 

study system was designed to capture movements among habitat patches and through the 

intervening habitat matrix.  Migration was related to population factors (sex ratio and density), 

habitat factors (host plant and nectar abundance), and landscape factors (plot permeability, i.e., 

boundary conditions, area, inter-plot distance).  Donald J. Leopold provided intellectual support 

and resources to conduct this study, and will be coauthor of the manuscript from this chapter, to 

be submitted to Conservation Biology. 

Chapter 3 (L. m. samuelis life history effects on lambda and fitness) is a synthesis of 

cohort data, survival data from Chapter 2, and literature leading to the parameterization of a 

stage matrix for the species and a life table simulation analysis (LSA).  The influence of the life 

stages on population growth and fitness was evaluated according to classical matrix analysis and 

under simulated elasticity and fitness.  This chapter includes analysis of data from several 

captive breeding efforts, as well as substantial analytical guidance from Brian Underwood, who 

will be a coauthor of the manuscript from this chapter, to be submitted to Ecological 

Applications.  Due to the length of this chapter, I may draft separate papers on 1) development of 

the life cycle graph and matrix parameterization, and 2) LSA for L. m. samuelis.  
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Chapter 4 (General metapopulation dynamics of L. m. samuelis) is a synthesis of the 

published literature, captive breeding data, and the stage matrices developed in Chapter 3 leading 

to the parameterization of a generalized spatially implicit metapopulation model for the species.  

The sensitivity of metapopulations to model assumptions, spatial configuration, and risk factors 

was measured as interval extinction risk.  This chapter should provide a baseline for spatially 

explicit population viability analyses serving ongoing recovery efforts.  Minimum viable 

population size is considered in the context of the theoretical relationship between stable age 

distribution, carrying capacity, lupine senescence, and spatial constraints on ovipositing 

substrate, e.g., L. perennis stems.  I authored this chapter independently and will submit the 

manuscript from it to Conservation Biology.  Due to the length of the chapter, I may draft 

separate papers on 1) estimation of MVP and carrying capacity, and 2) risk analysis for L. m. 

samuelis.
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FIGURES 

 

Figure 1.1.  Data supporting metapopulation model development.  Red and green boxes indicate data from case studies and captive 

breeding programs.  Three boxes at lower right indicate data presented in Chapter 2.  The two boxes at upper right indicate data 

presented in Chapter 3.   
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Figure 1.2.  Evaluation of assumptions in support of metapopulation model.  Three model assumptions at lower right are evaluated in 

Chapter 2.  Life table simulation analysis is presented in Chapter 3.  Model certainty, habitat constraints, and metapopulation model 

output are presented in Chapter 4. 
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Chapter 2 

TWO CASE STUDIES OF FRAGMENTED  L. M. SAMUELIS  METAPOPULATION S 

ABSTRACT 

Historically, ecological disturbances and Native American settlement patterns maintained 

open habitat for Karner blue butterflies (Lycaeides melissa samuelis Nabokov) in northeastern 

North America.  The Karner blue and its obligate host plant, blue lupine (Lupinus perennis), 

have persisted in green developed areas, such as airports, utility rights-of-way, and road edges 

because moderate anthropogenic disturbances mimic beneficial ecological disturbances.  

However, extensive urbanization and fragmentation in the eastern portion of the Karner blueôs 

range may have already degraded populations beyond USFWS metapopulation viability 

requirements.  Existing and potential northeastern preserves are fragmented by roads and 

development.  Particularly for Lepidoptera, metapopulation theory predicts that perturbations of 

the balance between colonization and extinction rates can be catastrophic.  I conducted case 

studies of two populations.  First, I analyzed a time series for the extirpated Concord, New 

Hampshire population to test for an Allee effect on egg and larval yield per female.  Next, I used 

mark-release-recapture (hereafter, MRR) to investigate fragmentation effects on dispersal for the 

Albany Pine Bush population.  Dispersal across roads occurred, but visually appeared limited by 

traffic and wind.  Immigration to roadside areas was more frequent than immigration to habitat.  

Small, isolated habitat patches had high rates of emigration.  Emigration was inversely density 

dependent, interacting with demographic, landscape, and habitat factors.  I conclude that in 

fragmented Karner blue habitats, dispersal success is severely limited by roads, and that Allee 

effects may accelerate extinction of isolated populations.  To forestall metapopulation declines, 

fragmented preserves should minimize the number of roads between habitat patches, minimize 
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the connectivity of roadside areas with habitat, ensure that isolated habitat patches have adequate 

nectar plant availability, and consider local translocation of among habitat patches.  

 

INTRODUCTION  

The federally endangered Karner blue butterfly once inhabited xeric habitats supporting 

its obligate host plant, blue lupine (Lupinus perennis), in a band extending across the Great 

Lakes region and east to the Atlantic.  The northeastern portion of the historic range of the 

species is rapidly shrinking (USFWS 1992).  L. m. samuelis are monophagous, utilize diverse 

nectar sources, and require a mix of open and partially shaded habitats (Dirig 1994; Smallidge et 

al. 1996; Grundel 1998).  Because of their life history and habitat requirements, it is widely 

accepted that L. m. samuelis population dynamics are well described by metapopulation theory 

(Givenish et al. 1988).   

L. m. samuelis currently thrives in extensive grassland, savannah, and barrens habitats in 

the Great Lakes region, but the extent of open habitats in pre-settlement New England is 

questionable (Vickery and Dunwiddie 1997; Motzkin and Foster 2002).  Loss of L. m. samuelis 

habitat has been rapid in the northeast as sandplain communities, heathlands, grasslands, old 

fields, powerline-rights-of-way, airports, and other early successional habitats that expanded 

with European settlement have been developed or reverted to woodlands (Vickery and 

Dunwiddie 1997; Motzkin and Foster 2002).  Habitat loss and inadequate habitat management 

have been cited as causative agents for L. m. samuelis decline (Dirig 1994; Grundel 1998a, 

1998b; Packer et al. 1998).  Dirig (1994) implicated a trend in decreasing duration of winter 

snowpack, but no studies that lead to conclusive diagnoses of decline (Caughley 1994) have been 

conducted.  L. m. samuelis continues to decline despite research on habitat requirements and 
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habitat management techniques (Grigore and Tramer 1992; Smallidge et al. 1996; Swengel 1996; 

Grundel 1998a, 1998b; Forrester et al. 2005; Pickens 2006).  

Other mechanisms for decline need evaluation.  The applicability of metapopulation 

theory to L .m. samuelis has not been tested (King 1998), even though empirical studies of 

presumed metapopulations often reveal a complex range of spatial population processes 

(Harrison and Taylor 1997).  The spatial complexity of insect populations is widely accepted 

(Turchin and Taylor 1992).  Lane (1999) recognized the heterogeneity of movement behavior 

within and outside L. m. samuelis habitat patches, and King (1998) observed migration among 

discrete habitat patches.  Grundel and Pavlovic (2007) observed the influence of habitat variables 

and spatial patterning on L. m. samuelis patch occupancy. 

Local variation in populations is often related to regional trends (Leigh 1981; Pollard 

1991; Singer and Thomas 1996; Sutcliffe et al. 1997b), and many authors have noted the 

compounding risk of extinction that small populations face (Allee 1949; Richter-Dyn and Goel 

1972; Ferson and Burgman 1990; Dennis et al. 1991, Caughley 1994).  The inherent tendency of 

Lepidopteran populations toward local crashes has not been emphasized in the published 

literature on L. m. samuelis, even though it has been well demonstrated that spatial population 

processes have serious consequences for specialist Lepidoptera (Gilbert and Singer 1973; Ehrlich 

and Murphy 1987; Harrison 1989; Hanski et al. 1994; Hill et al. 1996), particularly Lycaenidae 

(Arnold 1983; New 1993; Schultz 1998).  Fragmentation is known to limit dispersal and other 

population processes for Lepidoptera (Hanski et al. 1994; Neve et al. 1996; Hill et al. 1996; 

Baguette and Schtickzelle 2003).  Patch dynamics balance extinctions within preserves (Pickett 

1978; Arnold 1983; Schultz 1998), but neither theoretical nor empirical studies have provided 

concrete guidance for conserving populations in fragmented landscapes.    
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It is difficult, or even counterproductive, to characterize Lepidopteran spatial population 

dynamics with a single theoretical type, and several authors have suggested the importance of 

evaluating a combination of landscape, behavioral, and population processes in a conservation 

context (Hill et al. 1996; Harrison 1994; Sutcliffe et al. 1997a).  Conclusive demonstration of the 

operation of Allee dynamics and other negative feedback processes operating in small 

populations is limited by crude population estimates and confounding factors (Kuussaari et al. 

1998), but as long as biodiversity losses outpace conservation research, management of small 

populations with inconclusive population data will remain an intractable reality.   

Given the prevalence of roads, pavement, and other anthropogenic features in the 

northeastern landscape, failure to understand spatial dynamics in terms that are relevant to 

population management and preserve design may result in the extirpation of L. m. samuelis and 

species with similar life history traits from significant portions of their historic distributions.  The 

purpose of this study is to identify interactions among landscape, habitat, and demography that 

mitigate spatial processes and test whether spatial population processes decouple in a fragmented 

landscape.  In a case study of the extirpated New Hampshire population, I demonstrate the 

relationship between L. m. samuelis population size and the yield per female of eggs and larvae.  

In a mark-release recapture study of the Albany, New York population, I identify several general 

types of spatial dynamics that are occurring among highly fragmented study populations.  Next, I 

test for dependence of migration and individual movements among paired habitat patches on 

landscape, habitat, and demographic factors.  Finally, I discuss the implications of the two 

studies for population management and preserve design.  
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METHODS 

Study area 

The study area included a system of eight discrete patches of L. perennis located in the 

Albany Pine Bush in eastern New York preserve (Fig. 2.1).  Roads and commercial development 

dissect the area.  Irregularly shaped study plots for marking and recapturing individuals were 

delineated along both sides of a highway, with the furthest plot approximately 0.6 km from the 

highest L. m. samuelis population density.  Study plots formed a continuous mosaic across the 

entire study area, including both habitat patches and the intervening matrix.  Hereafter, all study 

plots will be referred to as plots and may be classified as either matrix or habitat.  Habitat plots 

containing L. perennis were delineated to include open areas, grassy habitat, and nectar plants, 

and were classified as habitat.  Matrix plots devoid of nectar plants or L. perennis were 

delineated to include open canopy areas, lawns, and old fields.  Roads and highways were used 

to define contiguous blocks of adjoining plots.  The study system was designed primarily to test 

predictions about the movements of L. m. samuelis at multiple scales among habitat patches 

(pairs of plots) in a fragmented landscape.   

Sampling and data collection 

An attempt was made to sample each plot one to two times daily, but on 4 of 30 days, 

rain prevented sampling.  Duration was recorded for each sampling period and plot.  The product 

of plot area (m
2
) and duration was used as an estimate of catch effort for each sampling event.  

Catch effort was scaled during each sampling event to approximately achieve and maintain a 

50% marked proportion, and therefore, an even sampling fraction in each sampling unit 

regardless of unit area.  To test whether even sampling was achieved, the mean marked 

proportion was tested in PROC GLM (SAS Institute 1999).  Recapture was not attempted in 
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paved areas and areas with >60% cover of trees and shrubs since utilization of closed-canopy 

areas by L. m. samuelis is limited (Grundel et al. 1998b).  Closed-canopy areas were devoid of 

nectar sources and host plants.           

Unmarked butterflies in each sample were assigned unique numbers and marked on both 

hindwings with a Sharpie
®
 Ultra Fine Point pen.  Sex, mark number, location (plot), and time of 

capture were recorded for 472 captured butterflies prior to release (Ehrlich 1960; Brussard et al. 

1974).  Jolly-Seber population parameters with heterogeneous survival were estimated in 

POPAN-5 (Arnason et al. 1998) and partitioned by sex and location.  The Jolly-Seber model 

survival and closure assumptions are generally met for butterflies with limited dispersal (Gall 

1985).  Arnason et al. (1998) improved the model to allow heterogeneous survival, making 

survival estimates robust to failures of model assumptions.   

Model fit was evaluated by rigorous testing of model assumptions as follows.  Chi-square 

tests developed for testing goodness-of fit were conducted in POPAN-5 (Arnason et al. 1998).  

General description of goodness-of fits for mark-release-recapture models are provided in 

Burnham et al. (1987) and Pollock et al. (1990).  Two tests were conducted to test survival-

related assumptions (Burnham et al. 1987), and three to test capture-related assumptions 

(Burnham et al. 1987; Pollock et al. 1990; Pradel 1993).   

Estimates were grouped for individuals marked within contiguous blocks, ignoring 

movement among blocks and individual plots.  Samples were pooled across two days to 

minimize error (Arnason et al. 1998).  Migration was analyzed separately.  The total number of 

individuals captured in each plot per unit catch effort provided an index of population density 

(DENSITY).  The ratio of the difference and sum of the total number of marked females and 
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marked males captured in a plot provided an index of sex ratio (SEXRAT), where negative 

values were female-biased and positive values were male-biased.               

 The total number of individual L. perennis plants (HOST) were estimated by censusing 

low-density plots and with line-intercept sampling in high density plots.  An index of nectar plant 

richness (NECTAR) was scored on the presence/absence of locally common species. 

The center (centroid) of each plot provided Cartesian coordinates of each butterflyôs 

location per unit time.  Distance (Z) between plots was calculated on plot center.  Plot perimeter 

(m), area (m
2
), and perimeter:area (PA) were calculated in ArcView.  The proportion of plot 

boundaries with closed edges (CLOSED), open edges (OPEN), semi-open edges (SEMI), 

pavement (PAVE), and high-traffic roads (TRAF) were estimated from resolution digital aerial 

photographs in ArcView 8.2.  The pavement class included high-traffic boundaries.    

Count data and captive rearing data (Fig. 2.2) were obtained for a New Hampshire L. m. 

samuelis population that declined to extinction over an eight-year period (Van Luven 1993, 

1994, 1995, 1996; Peteroy 1997; NHFG 2000, 2001).  Walk-through counts (Pollard and Yates 

1993) were conducted during both broods to obtain an abundance index.  When compared with 

residency transformed counts, the walk-through counts provide a suitable index for L. m. 

samuelis (Pickens 2007).  Females with similar wing-wear were captured from the wild to 

monitor egg and larval yield, and were reared according to Herms et al. (1996).    

Analysis 

To validate whether the prediction that population growth rates decline at low density 

(i.e., an effect of isolation in fragmented systems), is true for L. melissa samuelis, count data 

were regressed on brood2 egg and larval yields per female.  Prior to performing the model 

selection procedure, I postulated three premises.  First, because brood1 is typically smaller than 
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brood2 (Savanick 2005; Pickens 2007), population bottlenecks are more likely to occur in 

brood1.  Second, low density increases search time for mates, competing with allocations of time 

and energy to reproductive behavior and physiology.  Third, if mate-finding constraints on adult 

allocations of time and energy to reproduction limit egg and larval yield (Murphy et al. 1983; 

May 1992; Boggs and Ross 1993; Boggs 1997; Grundel et al. 1998a), a brood1 bottleneck will 

interact with brood2 yield.   

Therefore, I determined a priori that both peak counts (b1, b2) and temporal trend 

(t=survey year) should be included in the set of candidate models, and hypothesized that the best 

model would include b1 and an interaction term (b1Ā2) or the mean peak counts (ɛ).  I log-

transformed peak counts prior to analysis, calculated the mean and interaction terms, and created 

a set of candidate models defined by t+[b1+(b2|ɛ| b1Ā2)] and t+[b2+(b1|ɛ| b1Ā2)].  I calculated all 

possible regressions (PROC REG, SAS Institute 1999) and retained the best to reduce the set of 

candidate models.  To determine the best model, I calculated Akaikeôs Information Criteria 

(AIC), corrected for small sample size (AICc), on all models (PROC REG, SAS Institute 1999). 

 Flight paths were generated from sequences of consecutive recapture times and plots.  

Series of first captures in plots were used to calculate single move and flight path parameters 

after Turchin (1998) and vagility statistics after Scott (1975).  Migration statistics (Kobayshi and 

Takano 1978) were calculated for all pairs of plots, with a modification to account for transient 

migrations, immigration, and spatial stratification: 

 eij= bij/(bi+a1+a2+a3)      2.1 

i ij= dij/(di+a1+a2+a3)      2.2 

In formula 2.1, eij is the index of per capita emigration from ploti  to plotj, where a1 is the number 

marked in ploti and recaptured only in ploti  (residents), a2 is the number marked at ploti, captured 
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in another plot, and last caught in ploti (transient emigrants), a3 is the number that were marked 

in another plot, caught in ploti , and subsequently recaptured in ploti (non-transient immigrants), 

bi  is the number that were marked in ploti  and last caught outside ploti (total emigrants), and bij 

is the number that were marked in ploti  and last captured in plotj (emigrants to plotj). In formula 

2.2, iij is the index of per capita immigration rate from plotj to ploti , where di  is the number that 

were marked outside ploti  and last caught in ploti (total immigrants), and dij  is the number that 

were marked in plotj and last captured in ploti (immigrants from plotj).  Net per capita migration 

rate for paired plots i and j is iij-eij.    

The effects of demography, habitat, and landscape were analyzed for paired plots with 

non-zero migration, for individual flight paths, and individual moves comprising flight paths.  

The difference between independent variables (Xj-X i) was calculated to provide an index of 

change (ȹX) from ploti to plotj.  Male-female bias in ȹSEXRAT was transformed so that 1 

equaled the most óunfavorably biasedô change in sex ratio for either sex and ï1 equaled the most 

ófavorably biasedô change.  To describe the multivariate relationships influencing eij and iij for 

paired plots, canonical correlations of eij and iij with demographic variables, landscape variables, 

and habitat variables were calculated in PROC CANCORR (SAS Institute 1999).   

My main purpose for utilizing canonical correlation was to graphically depict multi-

dimensional population dynamics by plotting paired study plots on the canonical axes, therefore, 

I report only the canonical correlation and not composite correlations.    Hereafter, I will refer to 

the quadrants according to coordinate geometry; they are numbered counterclockwise beginning 

in the upper right.  Variables with insignificant correlations (ȹOPEN, ȹSEMI, ȹZ) were dropped 

from the analysis and variables with significant (Ŭ=0.1) correlations were retained (ȹDENSITY, 

ȹSEXRAT, ȹHOST, ȹNECTAR, ȹCLOSED, ȹPAVE, ȹTRAF, ȹPA).  Since eijÍeji  and iijÍ iji, 
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and ȹXij=-ȹXji , pairs ij and ji were retained as unique observations; migration paths for each sex 

were also retained as separate observations.  Patterns in the first axes of the canonical correlation 

were identified by assigning categorical values to canonical variables based on logical arguments 

defining generalized hypothetical spatial dynamics and plotting them on the canonical axes with 

canonical variables.   

Habitat was defined as a plot containing the hostplant, L. perennis.  Matrix was defined 

as a plot lacking the hostplant.  The metapopulation category was assigned to pairs of plots for 

which the net per capita migration of individuals to or from habitat ploti was >= -0.1 and <=0 .1, 

based on the assumption that habitat patches that are more or less evenly exchanging individuals 

with the surrounding landscape are more likely to have balanced extinctions and colonizations 

over time, as in Levinôs classic metapopulation model (1969).  The mainland-island category 

was assigned to pairs of plots for which the net per capita migration of individuals to or from 

habitat ploti was > .1 or < -.1, based on the assumption that habitat patches unevenly exchanging 

individuals with the surrounding landscape are susceptible to imbalanced extinctions and 

colonizations over time (Harrison 1991).  The rescue-Allee category was defined as a special 

case of the mainland island category (high migration rates) in which habitat ploti had 

exceptionally low density, under the assumption that high immigration in low density 

populations mitigates extinction risk (Brown and Kodric-Brown 1977) and high emigration 

increases extinction risk (Allee 1949).  The corridor category was assigned to pairs of plots for 

which the net per capita migration of individuals from matrix ploti was <0, i.e., individuals 

marked in a matrix plot moved to a habitat plot.  The null dispersal category was assigned to 

pairs of plots for which the net per capita migration of individuals to matrix ploti was >=0.   
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The patterns made apparent by graphing migrations on canonical axes were validated via 

non-parametric hypotheses tested in contingency tables.  Three-way interactions among 

demographic, habitat, and landscape variables were tested under the Mantel-Haenszel procedure 

with the Breslow-Day test for heterogeneous odds ratios (PROC FREQ, SAS Institute 1999).  

Maximum likelihood chi-square tests were used for RxC tables (PROC FREQ, SAS Institute 

1999) since effects were not fixed (Sokal and Rolff 1995).  Exact values were calculated for all 

chi-square tests (PROC FREQ, SAS Institute 1999) to minimize type I error rates resulting from 

low cell counts (Sokal and Rolff 1995). 

 Flight path parameters were calculated for individual flight paths and observed 

displacements squared were regressed against number of moves to test for a barrier effect or 

density dependence (Turchin 1998).  Main effects and interaction of sex and density on 

displacement and vagility (Scott 1975) were tested in PROC GLM (SAS Institute 1999).  

 

RESULTS 

Population parameter estimates 

 Mark-release-recapture assumption tests are reported in Appendix 1, Tables A1.1-2.  The 

POPAN Jolly-Seber model allowing heterogeneous survival is robust to failures of assumptions 

(Arnason 1998), so a stringent test (Ŭ=0.01) was applied to detect only substantial failures.  

Fewer than 5% of MRR samples failed the equal capture tests.  Fewer than 10% of samples 

failed tests for Type-I loss, i.e., undifferentiated trap-mortality and 1-period transience.  

Inclement weather inflated Type-I losses by preventing recapture in missed sampling periods.  

The population marked in BLOCK2 was largest.  Differences in survival between blocks were 

not significant.  The marked proportion did not differ among blocks (Ŭ=0.1), therefore capture 



20 

statistics were not weighted by capture effort. Population parameter estimates and mark-

recapture data summary statistics are reported in Appendix 2. 

Migration, demography, and Allee effects 

The best model for both egg and larval yield per female was model 1, b1+b1Ā2 (Table 2.1).  

The New Hampshire time series is shown in Fig. 2.2.  For egg yield, quantitative evidence that 

the data support model 1 over models 2-4 is weak.  Evidence that the data support models 1-4 

over models 5-14 is strong.  The brood1 peak count and interaction between broods explain most 

of the variation in egg yield (r
2
= 0.933).   

For larval yield, quantitative evidence that the data support model 1 over models 2-5 is 

inconclusive.  Evidence that the data support models 1-5 over models 6-14 is strong.  The brood1 

peak count and interaction between broods explain most of the variation in larval yield (r
2
= 

0.737), but the effect of time (t) can not be disregarded.   

Migration from patch i ranged from 0.45433 in small isolated habitat patches to 0.02692 

in the largest.   For all pairs of plots in the mark-release-recapture study, canonical correlation of 

eij and iij with demographic variables was significant in the first axes (CanCorr= 0.800, p= 

<0.0001).  Canonical correlation summary statistics are reported in Appendix 3, Table A3.1.  

Emigration and immigration were significantly correlated to ȹDENSITY and ȹSEXRATIO.  

Attributes of intact metapopulation demography, i.e., balanced immigration and emigration, even 

sex ratio, and high density, are clustered in the third (lower left) quadrant of the first canonical 

axes (Fig. 2.3). For pairs of plots with L. perennis at i, classified by density, the general linear 

model eij= SEX| DENSITYi| DENSITYj explained nearly all variation in emigration between 

plots (df=9, F=195.84, p<0.0001, r
2
=0.99492).  All main effects and two-way interactions were 

significant (p<0.001), but are not reported in detail. 
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There was a three-way interaction of sex, sex ratio, and density on the frequency of 

migrations (Table 2.2).  The effects of density and sex ratio were heterogeneous for male and 

female migrations (ɢ
2
H = 9.7871, p = 0.0018).  Males were more likely to improve their sex ratio 

when they migrated to higher density plots but compromised it when migrating to low density 

plots (ɢ
2
MH = 36.3039, p = <0.0001).  Frequency of female migration from low density plots to 

high density plots was not affected by sex ratio (ɢ
2
MH = 0, p = 1).   

 ANOVA showed that vagility, observed net displacement (distance between marking 

location and final recapture), and observed net displacement squared were higher for individuals 

marked in low density plots (df=2, F=3.54, p=0.0342; df=2, F=3.15, p=0.0491; df=2, F=3.01, 

p=0.0557).  Vagility was higher for females (df=1, F=3.27, p=0.0748).  The number of 

individual moves had a heterogeneous effect on observed net displacement among contiguous 

blocks (df=3, F=31.86, p<0.0001), so separate regressions were justified within blocks, allowing 

separate testing for a barrier effect (Turchin 1998).  Observed net displacement squared 

increased linearly for individuals leaving low density plots, and was nonlinear for higher density 

plots (Fig. 2.4).   

Migration, habitat, and landscape effects 

For all pairs of plots in the mark-release-recapture study, canonical correlation of eij and 

i ij with habitat, and landscape variables was significant in the first pair of axes (CanCorr= 0.800, 

p=<0.0001).  Emigration and immigration were significantly correlated to ȹHOSTPLANT, 

ȹNECTAR, ȹCLOSED, ȹPA, ȹPAVEMENT, and  ȹTRAFFIC (Fig. 2.3).  Attributes of intact 

habitat, i.e., presence of L. perennis and nectar plants, are clustered in the third (lower left) 

quadrant of the first canonical axes (Fig. 2.3a).  However, paired plots with indicators of 

fragmentation, i.e., rescue-Allee dynamics and null dispersal (Fig. 2.3c-d), adjacent pavement, 
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open boundaries, and low perimeter-area ratio (Fig. 2.3a-b) are scattered toward the first 

quadrant (upper right). 

The effect of hostplant and nectar on the frequency of male and female migrations was 

homogenous (ɢ
2
H = 0.0742, p = 0.7854) (Table 2.3).  Nectar availability improved when males 

migrated to plots with more host plants, but they most frequently migrated to plots with limited 

nectar and fewer host plants (ɢ
2
MH = 28.8407, p <0.0001) (Table 2.3).  The interaction of density 

and roads was heterogeneous for migrations to and from quality habitat (ɢ
2
H = 3.4262, p = 

0.0642).  Migrations were most frequent to low density plots with low hostplant abundance 

adjacent to pavement (ɢ
2
MH = 5.5407, p = 0.0328).  Null dispersal, e.g. dispersal to the matrix, 

was homogenous for males and females and strongly associated with the presence of pavement 

(male ɢ
2
MH = 20.2202, p <0.0001; female ɢ

2
MH = 7, p = 0.0286) (Table 2.4).  Plots adjacent to 

roads were generally more linear and open than other plots, therefore migrations to and away 

from roads were associated with ȹCLOSED and ȹPA (ɢ
2
 = 18.9419, p = <0.0001;  ɢ

2
 = 14.0528, 

p = 0.0004).  Individual moves and frequency of migration among pairs of plots were more 

frequent within contiguous blocks than among blocks separated by roads (ɢ
2
 = 84.675, p 

<0.0001;  ɢ
2
 = 25.4499, p <0.0001).   

 

DISCUSSION 

Migration, demography, and Allee effects 

 Field studies have shown that Allee dynamics operate in many taxa, including 

Lepidoptera (Kuussaari et al. 1998).  I confirmed that Allee dynamics operated on egg and larval 

yield prior to extirpation of the New Hampshire population.  Data consistently indicated the first 

brood bottleneck as an important explanatory variable in models for second brood egg and larval 
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yield.  The Albany study I found strong evidence that L. m. samuelis demography can interact 

with dispersal behavior to produce Allee effects.  The dual effects of fragmentation, i.e., gross 

loss of habitat, with a corresponding reduction in population size and interruption of spatial 

processes, contribute to Allee dynamics and are a serious threat to L. m. samuelis.  

Model assumptions were generally met for the mark-release-capture study.  Type-I losses 

were detected in fewer than 10% of samples, and this effect was strongly associated with lapses 

in sampling due to weather.  Singer and Wedlake (1981) cautioned against capture-related effects 

in butterflies, but the assumption that handling L. m. samuelis poses a serious risk (Pickens 2007) 

is not valid.   

Emigration and immigration were correlated with changes in density and sex ratio (Fig. 

2.3b-c), and were highest in the lowest density habitat patches.  The effect was stronger for 

males. Males frequently emigrated to habitat patches with more favorable sex ratios (Table 2.2), 

however, male dispersal frequently ended in mate-poor matrix areas (Table 2.4).  Females were 

more vagile and less influenced by local demography, but less likely to disperse.  Both males and 

females were more vagile and directed when they were emigrating from low density areas.  

When emigrating from high density areas, both were less vagile, and often moved back toward 

their starting point after reaching a maximum distance (Fig. 2.2b-c).  Decreasing displacement 

over time suggests that movement from high density plots may have been impeded by an 

unknown factor, e.g., a barrier, or that congregation operates to maintain high density (Fig. 2.2b-

c).  Even though the study site was fragmented and roads influenced movement (discussion 

below), the congregation effect can not be disregarded since road crossing was more frequent at 

low density.     
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The implications for colonizing new habitat are serious; females will infrequently arrive 

in new patches. If females arrive having already been mated, they may oviposit, but breeding 

opportunities for unmated females arriving or eclosing in a colonizing patch will be limited since 

males are likely to migrate to higher density areas or the matrix.  In a colonizing (low density) 

patch with limited immigration and high emigration, mating success and ovipositing will likely 

be limited, and colonization will be tenuous. 

The behavioral and demographic patterns revealed here, i.e., emigration in L. m. samuelis 

can be inversely density dependent, emigrants may seek to improve sex ratio, and females have 

less frequent but more targeted dispersal than males were expected and have to varying degrees 

been corroborated by other field studies on Lepidoptera (Brussard et al. 1974; Ehrlich and 

Murphy 1987; Harrison 1989, 1991, 1994; Halley and Dempster 1996; Kuussaari 1998).  

Populations exhibiting the patterns described here are susceptible to declining growth rates 

(Doak et al. 1992; Lewis and Karieva 1993; Kuussaari 1998).  It is intuitive that fragmentation 

adversely affects spatial dynamics by exposing dispersing individuals to poor habitat, barriers, 

and suboptimal chances for mating.  The effects of fragmentation on dispersal at higher densities 

were not as clear.   

Migration, habitat, and landscape effects 

Habitat, landscape, and demography interact with migration in this study system, 

mitigating or exacerbating the effects of fragmentation.  Emigration and immigration are 

correlated to changes in hostplant abundance, nectar richness, closed edges, and perimeter/area 

(Fig. 2.3).  Plotted canonical variables reveal paired study plots clearly grouped on landscape and 

habitat variables.  Within habitat, a gradient from classic metapopulation dynamics, e.g., 

balanced immigration and emigration (Levins 1969), to less stable dynamics is clear (Fig. 2.3c).  
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Habitat quality declined along the same gradient.  The overwhelming pattern is balanced 

migration between plots (lower left) to imbalanced or unsuccessful migration (upper right) with 

increasingly poor demographic, habitat, and landscape conditions.   

In the region dominated by paired plots with nearly even migration (Fig. 2.3a) (lower left, 

quadrant 3), colonizations are likely to balance extinctions (Fig. 2.3c) as in classic 

metapopulations (Levins 1969).  Migrations to plots with even sex ratios and higher density were 

typical in the third quadrant (Fig. 2.3a), which may have countered the diminished habitat quality 

and driven density-dependent colonization.  Toward the origin, the metapopulation effect grades 

into a less balanced or mainland-island (Harrison 1991) pattern (Fig. 2.3c) as habitat diminishes.  

To the upper right, imbalanced migration in low-density plots suggests rapid turnover and 

ongoing rescue (Brown and Kodric-Brown 1977) or Allee dynamics (Allee 1949).  Plots in the 

rescue-Allee class were characterized by very low density and high emigration or immigration.   

   Frequency of migration was minimally affected by perimeter/area, and any apparent 

effect may be better explained by the linearity of plots bordering pavement.  Individuals more 

frequently moved into habitat with a higher proportion of closed edge. Partially permeable edges 

may limit inversely density dependent dispersal.  L. m. samuelis diffusion models (Lane 1999) 

imply that edges limit random movement from habitat, but complete closure would prevent 

immigration.  A partially-shaded habitat preference was documented by Grundel et al. (1998b).  

Edges generally provide a range of thermal conditions for Lepidoptera, allowing them to locate 

optimal temperatures for foraging, mating, and ovipositing.  Frequency of migration from low 

density plots to high density plots was higher among plots with L. perennis, but was independent 

of density among matrix plots (Fig. 2.3a).  Migrants more frequently selected quality habitat, i.e., 
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plots with more nectar and L. perennis, when moving from the matrix to habitat.  However, 

individuals emigrating from habitat frequently failed to migrate out of the matrix (Table 2.4).   

Road effects 

Emigration and immigration were correlated with pavement and roads (Fig. 2.3a).  Null 

dispersal (Fig. 2.3d), was associated with plots adjacent to pavement (Fig. 2.3a).  Migration to 

low density plots was more frequent when the paved boundary proportion increased and nectar 

availability decreased, and was independent of changes in hostplant abundance.  Although I 

found no evidence of elevated mortality associated with roads, L. melissa samuelis spatial 

dynamics are seriously influenced by roads and other paved areas.  Areas adjacent to paved areas 

operate like habitat sinks with no apparent population benefit.  Migration to roadside areas was 

not motivated by nectar availability or hostplant presence. Two alternative explanations are 

possible:  (1) paved structures may be physiologically attractive, e.g., roads create a strong 

thermal gradient that is attractive to migrants; and (2) paved areas are barriers inhibiting flight, 

and adjacent areas become congested with individuals.  If both explanations are true, roadsides 

are strong population sinks. 

Although a preference for the thermal dynamics of openings and edges is common 

among butterflies, there were no data collected that could support or refute the attraction 

hypothesis.  Three lines of evidence support the barrier hypothesis.  First, it was far more 

frequent for individual movements and migrations to occur within contiguous blocks than among 

blocks separated by roads.  Second, displacement decreased with increasing number of moves in 

higher density blocks, suggesting that butterflies retreated to their origin instead of crossing a 

road.  The risk of crossing was more acceptable for migrants from low density plots, presumably 

since returning to a low-density population (or poor-quality habitat) conferred little benefit.  
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Third, wind speeds were noticeably higher adjacent to roads, and many L. m. samuelis and other 

species were visually observed (but not quantified) being blown off roads by vehicular winds or 

immobilized in low vegetation under consistent roadside winds.     

Theoretical implications 

 Several classes of spatial population dynamics operated in the study system, driven by 

landscape, behavioral, and population processes.  Population patterns that would be expected 

under the operation of metapopulation, mainland-island, and rescue, and Allee dynamics were 

apparent within habitat, and emigration was inversely dependent on density.  Intervening matrix 

areas sometimes acted as corridors.  Movement out of the matrix was restricted by pavement and 

roads, resulting in a high level of null dispersal. 

Among habitat patches, spatial dynamics were primarily driven by density.     

Inverse density dependent migration was associated with biased sex ratios at low density, and 

congregation may play a role in maintaining high density L. m. samuelis populations.  Inverse 

density dependent migration may limit population growth in stepping stone populations or newly 

established founder populations and cause colonization to fail (Lewis and Kareiva 1993).  Failure 

to colonize may limit overall metapopulation persistence (Hanski and Gilpin 1997).   

Although density is a driving force for L. m. samuelis migration, density was not 

independent of habitat quality, and habitat boundaries clearly influenced movements.  The ability 

of increasing population density to balance limited dispersal in colonizing populations is linked 

to landscape factors.  Invading populations with irregular invading edges have higher spread 

rates (Lewis and Kareiva 1993).  If invading populations can be likened to rare populations 

colonizing newly created habitat, then patchily distributed L. perennis populations or L. perennis 
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populations with partially closed boundaries are likely to be more rapidly colonized by L. 

melissa samuelis than contiguous or homogeneous expanses of created habitat.   

Roads physically and functionally fragmented the study area.  Scale of fragmentation has 

been predicted to be the most important determinant of disperser success in fragmented systems 

(Doak et al. 1992), but in this system the interaction of demography, behavior, and habitat with 

the landscape was a more important determinant of disperser success than scale.  Null dispersers, 

especially males, were most frequently drawn to areas adjacent to pavement and roads and were 

pinned there by wind and unknown factors.  Furthermore, movements were more common 

within than among contiguous blocks, but the distance between contiguous blocks was far less 

than the maximum dispersal ranges for L. m. samuelis.   

Even though there was no evidence that roads or pavement increased dispersal mortality, 

failure to reach an obligate host can functionally be interpreted as mortality or at least lost 

oviposition opportunity.  Fragmentation prevented a majority of the L. m. samuelis dispersers in 

the metapopulation from reaching their obligate host.  Failure to reach suitable habitat may have 

serious implications for selection against dispersal (Van Dyck and Matthysen 1999).  Field 

studies have shown that selection in metapopulations operates on dispersal related traits in 

Lepidoptera (Gilbert and Singer 1973; Singer and Thomas 1996).  Dispersal depression with 

fragmentation has been observed for the bog fritillary butterfly Proclossiana eunomia 

(Schtickzelle et al. 2006). If in dispersal-depressed metapopulations a balance of immigration 

and emigration over time is a necessity for persistence, even poor dispersers must occasionally 

disperse to colonizing patches.  The good fit of various random-walk models with lepidopteran 

movement (Turchin 1998) and diffusion models for L. m. samuelis (Lane 1999) underscore the 
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fact there is a random component to dispersal, and that even poor dispersers diffuse across the 

landscape.   

If, as this study suggests, roads prevent the success of poor dispersers and limit the 

success of strong dispersers, selection against dispersal related traits may be powerful in 

fragmented L. m. samuelis populations.  Theory shows that selection against dispersal related 

traits increases the probability of extinction in metapopulations (Leimar and Norberg 1997).  

Individuals that successfully disperse and colonize low density patches in a fragmented 

population will contribute a propensity for dispersal to the next generation, potentially inducing 

Allee dynamics, i.e., inversely density dependent dispersal, and thereby limiting colonization 

(Lewis and Kareiva 1993).  Non-dispersive individuals may constitute an increasingly high 

proportion of the older populations (Leimar and Norberg 1997), leading to congregation in older 

populations.   

 

CONCLUSIONS 

The patterns observed are consistent with theoretical predictions about dispersal, 

selection, and Allee dynamics.  I demonstrated two Allee effects: 1) an intrinsically driven effect 

on egg and larval yield, and 2) an extrinsically, i.e. fragmentation, driven effect on dispersal.  

Selection against dispersal related traits has been shown to occur on a relatively short time scale, 

potentially exacerbating isolation in fragmented systems (Gilbert and Singer 1973; Descimon 

and Napolitano 1993; Neve et al. 1996; Leimar and Norberg 1997; Van Dyck and Matthysen 

1999).  Local population dynamics play an important regulatory role (Baguette and Schtickzelle 

2003).  Although density-dependent population regulation has often been viewed as an intrinsic 

trait of species, for many species the landscape may be as important to population regulation as 
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intrinsic traits.  The same conclusion was reached by Fagan et al. (2001), based on analysis of 

time series for 758 species.  Null dispersal to areas adjacent to pavement was clearly a 

mechanism by which landscape features could drive selection for inversely density dependent 

dispersal. 

The occupancy of habitat patches by L. m. samuelis may be limited in fragmented 

landscapes.  Matrix quality and spatial patterning influence L. m. samuelis patch occupancy 

(Grundel and Pavlovic 2007).  Occupancy may be bolstered by enhancing habitat in marginally 

occupied patches, but Allee dynamics driven by biased sex ratios, limited immigration and high 

emigration will forestall lasting occupancy (Richter-Dyn 1972).  Within-metapopulation 

translocations may be the only population management alternative in fragmented systems.  

Translocation may alleviate biased sex ratios, compensate for null dispersal, and provide 

variation in dispersal-related traits, thereby ensuring that some proportion of the individuals that 

eclose in a colonizing patch will remain in the patch and successfully mate.   

In many of the extant L. melissa samuelis metapopulations, habitat patches are situated in 

openings adjacent to roads, as L. perennis readily colonizes areas disturbed by humans 

(Smallidge et al. 1996).  My study shows that roads and pavement interfere with spatial 

dynamics, posing a risk to metapopulation persistence.  Local translocations to existing or 

created habitat on preserve interiors away from roads may be critical to long-term 

metapopulation viability in preserves with occupied habitat concentrated along roads.   

Ideally, preserves should have a closed-canopy barrier between the preserve interior and 

all areas bordering pavement since open areas adjacent to roads and pavement operate like sinks 

(Fig. 2.7a).  A closed-canopy buffer >50 m should be a minimum requirement to insulate 

preserve interiors.  Prairie butterflies are attracted to roadside areas, and may benefit from 
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roadside habitat restoration (Ries et al. 2001), however, buffering roads may be a better strategy 

for L. m. samuelis since populations sinks can limit persistence (Pulliam 1988).  Accessibility 

could be limited by maximizing canopy closure up to pavement edges or erecting barriers to 

impede access.  High quality habitat should be concentrated away from bordering or fragmenting 

roads.  This study provides evidence that the long-term viability of metapopulations reliant on 

roadside habitat or habitat highly connected to roadside areas is tenuous. 

Preserves should be planned to contain unfragmented blocks large enough to minimize 

the necessity of road crossing.  I recommend a minimum block of 150-300 ha, depending on 

habitat quality.  Unfragmented blocks within preserves should be large enough to contain several 

habitat patches (Fig. 2.7b) with natural corridors between them (Pickett 1978; Arnold 1983).  

The per hectare value of expansive open habitats like airports is low due to the extreme 

permeability of L. perennis patches contained therein.  The fragmented matrix operated like a 

sink in this study, therefore habitat patch occupancy should not rely on migration across 

developed areas.  Time spent in the matrix confers a net loss in ovipositing time, and hence, 

fecundity (Hanski et al. 2006). 

When road crossing is essential, corridors should be planned to guide dispersers directly 

across roads (Fig. 2.7c).  To minimize contact with paved areas, corridors that cross roads should 

run perpendicular to roads, with closed or impermeable edges limiting movement parallel to 

roads.  Fecundity losses due to null dispersal (Hanski et al. 2006) should be minimized by 

enhancing corridors with occasional L. perennis plants and sparse nectar plants.  If dispersers do 

not reach a viable habitat patch, sparse host plants may serve as stepping stones, whereby the 

next generation will have the opportunity to emigrate to viable habitat.  Crossing should be 
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planned to coincide with areas where traffic slows or stops.  Alternatively, traffic could be 

slowed or stopped at crossings during the brief adult flight periods.  

Habitat restoration and creation should be scaled with the size of source populations (Fig. 

2.7d).  If an uncolonized habitat patch is very large (>100 ha), small source populations (<10 ha) 

may not be able to provide enough dispersers to adequately increase density and counter Allee 

dynamics.  Habitat patches with partially closed boundaries (60-80% closed canopy) may be 

colonized more readily than patches with <50% closed canopy boundaries.  Partial closure may 

help by constraining dispersal, elevating density, and improving mating success.  Even if very 

large occupied habitat patches are present in a preserve, the metapopulation may benefit from 

partially bounded habitat patches.  Edges buffer extreme weather events that may be catastrophic 

in expansive habitats, like airports.  If populations in expansive habitats (>100 ha) reach a 

stochastic low (<500 peak abundance), the sheer availability of habitat may drive density down 

and induce Allee dynamics.     
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TABLES 

 

Table 2.1. Regression models explaining decline in reproductive vigor prior to extirpation of the 

fragmented New Hampshire L. m. samuelis population.   

A.  Dependent Variable: egg yield per female

Model R-Square MSE AICc ȹAICc Weight K Variables in Model
1

1 0.931 9.940 33.946 0.000 0.562 4 b1 + b1Ā2

2 0.905 13.805 36.574 2.628 0.151 4 b1 + b2

3 0.905 13.812 36.577 2.632 0.151 4 b1 + ɛ

4 0.899 14.679 37.065 3.119 0.118 4 b2 + ɛ

5 0.833 24.189 41.061 7.115 0.016 4 b2 + b1Ā2

6 0.967 5.922 46.685 12.739 0.001 5 t + b1 + ɛ

7 0.959 7.377 48.442 14.496 0.000 5 t + b1 + b2

8 0.956 7.922 49.012 15.066 0.000 5 t + b1 + b1Ā2

9 0.942 10.516 51.278 17.332 0.000 5 t + b2 + b1Ā2

10 0.940 10.932 51.588 17.643 0.000 5 t + b2 + ɛ

11 0.985 3.656 96.523 62.578 0.000 6 t + b1 + b2 + ɛ

12 0.967 7.896 102.685 68.739 0.000 6 t + b1 + b1Ā2 + ɛ

13 0.961 9.526 104.186 70.240 0.000 6 t + b1 + b2 + b1Ā2

14 0.944 13.535 106.996 73.050 0.000 6 t + b2 + b1Ā2 + ɛ

B.  Dependent Variable: larval yield per female

Model R-Square MSE AICc ȹAICc Weight K Variables in Model
1

1 0.737 14.706 37.079 0.000 0.274 4 b1 + b1Ā2

2 0.727 15.287 37.389 0.310 0.234 4 t + b2

3 0.701 16.710 38.101 1.022 0.164 4 b1 + b2

4 0.701 16.718 38.105 1.026 0.164 4 b1 + ɛ

5 0.699 16.829 38.158 1.079 0.160 4 b2 + ɛ

6 0.904 6.691 47.661 10.582 0.001 5 t + b2 + ɛ

7 0.899 7.052 48.081 11.002 0.001 5 t + b1 + b1Ā2

8 0.892 7.542 48.619 11.540 0.001 5 t + b1 + b2

9 0.879 8.453 49.531 12.451 0.001 5 t + b2 + b1Ā2

10 0.875 8.761 49.817 12.738 0.000 5 t + b2 + ɛ

11 0.968 3.015 94.982 57.903 0.000 6 t + b1 + b2 + ɛ

12 0.905 8.900 103.642 66.562 0.000 6 t + b1 + b1Ā2 + ɛ

13 0.899 9.402 104.081 67.002 0.000 6 t + b1 + b2 + b1Ā2

14 0.879 11.268 105.529 68.450 0.000 6 t + b2 + b1Ā2 + ɛ

1
 Variable t= survey year, b1= peak brood1 count, b2= peak brood2 count, ɛ= mean of peak 

counts, b1Ā2= interaction of peak counts.  Peak counts were log-transformed.
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Table 2.2.  Dependence of migration on demographic factors.  The Mantel-Haenszel test was 

used to test dependence.  The odds that individuals improved their sex ratio (and potentially 

mating success) by migrating to higher density plots were heterogeneous for males and females.  

Females were no more likely to improve their sex ratio by migrating to higher density plots, but 

males were.  However, most male migrants compromised their mating success by migrating to 

low density plots.   

 

Sex Ratio

Density Improved Biased× Odds Ratio x
2

Prob. >= x
2

Male Decrease 1 33 34 0.0043 36.3039MH 1.82x10
-9

E

Increase 14 2 16

× 15 35 50

Female Decrease 1 1 2 1 0MH 1E

Increase 3 3 6

× 4 4 8

Joint × 19 39 58 0.0432 9.7871H 0.0018

MH = Mantel-Haenszel x
2

H = x
2
 for Breslow-Day test of homogeneity of the odds ratios

E = Exact probability >= x
2
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Table 2.3.  Dependence of migration on habitat factors.  The Mantel-Haenszel test was used to 

test dependence. The odds that individuals chose plots with higher nectar and hostplant 

availability was homogeneous for males and females.  Successful dispersers usually improved 

nectar and hostplant availability, but more frequently, dispersal ended in poorer habitat.   

Nectar

Hostplant DecreaseIncrease × Odds Ratio x
2

Prob. >= x
2

Male Decrease 32 3 35 69.333 28.8407MH 1.41x10
-7

E

Increase 2 13 15

× 34 16 50

Female Decrease 3 2 5 - 0MH 0.1964E

Increase 0 3 3

× 3 5 8

Joint × 37 21 58 78.7083 .0742H 0.7854

MH = Mantel-Haenszel x
2

H = x
2
 for Breslow-Day test of homogeneity of the odds ratios

E = Exact probability >= x
2
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Table 2.4.  Dependence of migration on interactions between habitat, demographic, and 

landscape factors.  The Mantel-Haenszel test was used to test dependence.  The odds that 

unsuccessful dispersers were captured adjacent to pavement were homogeneous for males and 

females.  Unsuccessful dispersal usually ended in plots adjacent to pavement.   

Pavement

Sex Habitat Absent Present × Odds Ratio x
2

Prob. >= x
2

Male Matrix 6 23 29 0.0435 20.2202MH 8.19x10
-6

E

Hostplant 18 3 21

× 24 26 50

Female Matrix 0 4 4 - 7MH .0286E

Hostplant 4 0 4

× 4 4 8

Joint × 28 30 58 0.035 1.5753H 0.2094

MH = Mantel-Haenszel x
2

H = x
2
 for Breslow-Day test of homogeneity of the odds ratios

E = Exact probability >= x
2
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FIGURES 

 

 
Figure 2.1. Lycaeides melissa samuelis study area in Albany, NY.  Mark-release-recapture plots 

were delineated around areas with <60% canopy; roads, paved areas, and areas with >60% 

canopy were excluded from the study.  The experiment was designed to test the effects of 

landscape, habitat, and demographic factors on spatial population processes.       
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Figure 2.2.  Evidence for the Allee effect on the extirpated Concord, New Hampshire 

metapopulation.  Egg and larval yield per female were observed in captivity during brood2.  In 

the Albany case study, males dispersed from low density patches.  Increased search time for 

mates may explain declining reproductive vigor.  For both sexes, increased search time may 

reduce mating success and compete with allocation of energy to egg or spermatophore 

development.  For females, increased search time may constrain selectivity for optimal 

oviposition sites, resulting in sub-optimal larval foraging and egg development. 
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Figure 2.3.  Classification of paired plots and canonical axes.  Paired plots with similar 

landscape, habitat, and demographic attributes (a) were clustered. The canonical y-axis 

represents fragmentation (b) and the canonical x-axis represents dispersal dysfunction.  

Migration occurring among pairs of habitat plots (c) was classified as source-sink (moderately 

imbalanced immigration and emigration), metapopulation (balanced immigration and 

emigration), or rescue-Allee (highly imbalanced immigration and emigration).  Spatial dynamics 

were variable, but migration was predominantly consistent with metapopulation behavior.  

Migrations of butterflies marked in matrix plots to habitat plots were classified as a corridor 

migrations (d) and migrations ending in the matrix were classified as null dispersal.   
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Figure 2.4.  Displacement squared (D

2
) vs. number of moves.  The effect of number of moves on 

D
2
 was heterogeneous among blocks.  The effect was linear at low density (BLOCK0), and D

2
 

declined over time at higher densities (BLOCK1, BLOCK2).  The observed patterns suggest that 

there was a barrier to dispersal from high density plots, that dispersal is inversely density 

dependent, or that congregation maintains high density.     
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Figure 2.5.  Preserve design illustration.  Open areas adjacent to pavement (a) will operate as 

dispersal sinks when host plant patches have open boundaries not buffered by closed canopy 

stands.  Preserve interiors (b) should be buffered from roads with well-connected host plant 

patches interspersed with stepping stone patches.  Road crossings (c) should be perpendicular to 

roads with stepping stone patches attracting dispersers to the preserve interior.  Old habitat (d) 

should be expanded iteratively, constraining dispersal and allowing L. m. samuelis populations to 

colonize progressively. 
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Chapter 3 

L. M. SAMUELIS LIFE HISTORY EFFECTS ON LAMBDA AND FITNESS  

ABSTRACT 

I conducted a life table simulation analysis (LSA) for the endangered Karner blue butterfly 

(Lycaeides melissa samuelis) in order to evaluate recovery alternatives.  For species regulated by 

exogenous factors, with non-overlapping generations, or single-stage regulatory mechanisms, I 

propose that a measure of fitness emphasizing the reproductive contribution of individuals to 

future generations be used to complement elasticities.  For many insects, the timing and rate of 

reproduction are more consequential than survival, and dynamics can be oscillatory or chaotic.  

For butterflies, reproductive rates may be regulated by larval or adult mechanisms, and such 

mechanisms should be the target of studies intended to optimize population recovery.  For L. m. 

samuelis, I found ɚ<1 in 52.9% of matrix replicates.  Uncertain estimates of variance in over-

wintering egg survival and larval survival indicate significant risk if exogenous effects such as 

climate change are realized.  When variances were controlled, risk shifted to reproductively 

latent adults and summer eggs.  Analysis of reproductive values for adult females revealed that 

the fitness of early vs. late ovipositing alternated across extremes in selective pressure, and may 

be an uncommon example of disruptive selection.  Since foraging ecology controls the timing of 

butterfly egg production, management should optimize foraging for early egg production in order 

to maximize the growth of depressed populations.     

 

INTRODUCTION   

By measuring the relative contributions of vital rates and life stages to population growth 

(ɚ), life table simulation analysis (LSA) has been applied to study the efficacy of conservation 
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actions that are intended to benefit endangered species.  The development of LSA and its 

precursors has been based predominantly on the life histories of vertebrates and perennial plants 

(de Kroon et al. 1986; Crowder et al. 1994; Heppell et al. 1994; Mills et al. 1999; Caswell 2000; 

Wisdom et al. 2000; Morris and Doak 2004).  Experimentation with life tables in ecology dates 

back to Birchôs study of insect abundance (1953) and was advanced by Caswell (1989, 1996).  

However, LSA has not been applied to a large group of endangered species, namely insects 

having life histories that are characterized by annual cycles, including Lycaenid butterflies, and 

in particular, the Karner blue butterfly (Lycaeides melissa samuelis Nabokov).     

LSA provides a dynamic alternative to classical eigenanalysis (Mills et al 1999; Wisdom 

et al. 2000; Caswell 2000; Morris and Doak 2004); the distribution of parameters such as 

intrinsic rate of increase (ɚ) can be estimated by simulating vital rates to generate datasets 

comprised of life tables, or matrices.  Such studies have focused on elasticities measuring the 

proportional contributions of matrix elements or their underlying vital rates to ɚ (de Kroon 

2000).  Distributions estimated from simulated matrices describe the sensitivity of matrix 

parameters, such as ɚ or reproductive value, to variation in vital rates, and may be measured by a 

variety of dispersion statistics that are comparable to the usual sensitivity statistics, i.e., elasticity 

(Crowder et al. 1994; Heppell et al. 1994).   

Endangered butterflies with complex life histories, such as L. m. samuelis may benefit 

from the utilization of LSA to rank the conservation significance of individual life stages.  L. m. 

samuelis is a monophagous bi-voltine butterfly, requiring its hostplant, Lupinus perennis L., and 

a mix of open and partially shaded habitats to support ovipositing and nectar foraging (Dirig 

1994; Smallidge et al. 1996; Grundel 1998b; Benjamins 2003).  Eggs laid by the 2
nd

 brood are 

diapausal and over-winter on plant remains, primarily L. perennis and Schizachyrium scoparium 
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(Benjamins 2003; Pickens 2006).  L. perennis is dependent on regular disturbance to maintain 

high light conditions and exposed bare soil for recruitment (Grigore and Tramer 1992; Smallidge 

et al. 1996, USFWS 2003).   

The population dynamics of many Lepidoptera are heavily influenced by exogenous 

factors (Pollard 1991; Verboom et al. 1991; Singer and Thomas 1996; Walther et al. 2002; 

Davies et al. 2006; Dennis et al. 2006).  The effects of weather on L. m samuelis were observed 

by Savanick (2005) and Pickens (2007).  For most temperate Lepidoptera, annual climatic 

extremes are punctuated by diapausal life stages.  Superimposing bi-voltinism on the annual life 

cycle graph for L. m. samuelis adds complexity to the stage projection matrix.  Pickens (2007) 

found that different population growth rates characterized each of the broods.  If such life history 

complexities can be simplified without misrepresentation of important population processes, 

LSA holds promise for planning the conservation of species like L. m. samuelis.   

The applicability of LSA to conservation has partially rested on the premise that 

elasticities estimated from simulations of vital rates measure the contributions of life stages to 

population growth and indicate population fitness (Mills et al. 1999; Morris and Doak 2004).  In 

fact, ɚ is a local estimate of population growth at the stable stage distribution, and is more 

weakly correlated with actual growth rate the further a population is from its stable distribution 

(Caswell 2001).  Underlying the premise that ɚ is an indicator of population fitness is Landeôs 

theorem providing a quantitative genetic justification for use of ɚ as a measure of population 

fitness in a deterministic environment (Lande 1982a,b).  In order to interpret the implications of 

elasticity for conservation of a particular species, it is necessary to examine the meaning of ɚ 

with respect to that species life history.  
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Landeôs theorem assumes first, that selection is weak, i.e., demographic processes reach 

equilibrium sooner than selection does, and second, that genotype-environment interactions are 

inconsequential, i.e., the environment is constant or not regulatory.  These assumptions may be 

more or less appropriate for species with over-lapping generations or endogenous regulation, but 

do not apply to a wide class of species including L. m. samuelis.   

Ectotherms, including many butterflies, are exogenously regulated (Pollard 1991; 

Verboom et al. 1991; Singer and Thomas 1996; Walther et al. 2002; Davies et al. 2006; Dennis 

et al. 2006); the growth rates of species with non-overlapping generations is often indicative of 

cyclic or chaotic behavior (May 1974); selective pressures may vary greatly among life stages 

utilizing different niches (Ebenman 1992); and population regulation may be determined more 

by a single stage rather than the net effect of multiple stages (Hellriegel 2000).  The population 

dynamics of species with complex life histories are inherently instable (Cole 1954; Istock 1967). 

For example, Taylor (1979) observed the extreme rarity of convergence to the stable age 

distribution in insects, and found that convergence was nearly independent of survivorship and 

the total amount of reproduction, but that earlier reproduction and variance in reproductive rate 

speed convergence toward stability.  While ɚ measured over many generations truly indicates 

trends in growth rate, such trends may have little bearing on the mechanisms regulating 

population growth for insects. Giesel (1976) questioned whether intrinsic rate of increase (ɚ) 

always implies persistence, and reiterated the significance of reproductive timing as an 

evolutionary strategy.  

In preliminary simulations conducted during the development of a matrix model for L. m. 

samuelis, the variance of ɚ was high, and indices of population abundance indicate wide annual 

fluctuations (Savanick 2005; Pickens 2007).  For environmentally sensitive species with non-
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overlapping generations and minimally overlapping life stages, like L. m. samuelis, temporally 

discrete selective processes are likely to pre-empt any opportunity to achieve demographic 

equilibria.  For such species, ɚ may indicate trends, but it may not be a relevant indicator of 

population fitness.  For many species, especially insects, individual reproduction may be more 

consequential than the net effects of survival.  It follows that a measure of the fitness of life 

stages is a desirable complement to ɚ elasticity in LSA for such species.  

Reproductive values (RV), since they in part measure the contribution of life stages to 

future population growth, give weight to the importance of individual reproductive success over 

transient conditions.  The concept of reproductive value, first introduced by Fischer (1930), is 

given by the left eigenvector, v1, and provided that a matrix contain no loops that are entirely 

disjoint with any pair of life stages, is a suitable measure of the fitness of a life stage (Caswell 

2001).  L. m. samuelis and a large class of species with similar life history characteristics meet 

this requirement.   

Reproductive value, for insects with transient dynamics, is of particular interest at the 

extremes of ɚ, since, as Taylor observed (1979), it is reproductive traits, such as timing and 

variance in reproductive rate, that move populations toward stability.  To the extent that larval 

vs. adult butterfly foraging strategies influence the timing and variability of egg production 

(Murphy et al. 1983; Baylis and Pierce 1991; May 1992; Boggs and Ross 1993; Boggs 1997), 

butterfly foraging theory reinforces Taylorôs assertion of the dominance of reproductive traits 

over survival in insect population stability.  In this context, changes in reproductive values across 

extremes provide an indication of which vital rates, i.e., reproductive traits, have the best 

potential to rescue depressed populations. 
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Of the many factors contributing to L. m. samuelis decline, including habitat 

fragmentation via urbanization and habitat modification via fire suppression, climate change has 

been of particular recent interest in the species range (Wake and Markham 2005; Cooter and 

Leduc 1995; Bradley et al. 1999; NERA 2001; Hodgkins et al. 2002; Huntington and Hodgkins 

2004).  For Lepidoptera, climate change may impose either stochastic pressure, in the form of 

high intensity weather events (NERA 2001), or trenchant pressure, in the form of changing 

seasonality and phenology (Walther et al. 2002; Huntington and Hodgkins 2002).  The 

interaction of more variable plant phenology and extreme weather events with reproductive 

timing is a potentially serious risk. 

My objective is to simulate stochastic and trenchant pressures and rank which L. m. 

samuelis life stages, as indicated by the distribution of ɚ, have the greatest potential to depress 

population growth, and which have the greatest potential to rescue depressed populations, as 

indicated by ɚ and reproductive value.  In the latter case, reproductive life stages are of interest, 

particularly underlying vital rates that represent reproductive traits, i.e., oviposition rate, vs. vital 

rates that represent the adult survival process, i.e., duration of ovipositing.   My hypotheses are: 

1) ɚ is frequently <1 and has a large variance, elevating the risk of local extinction; 

2) ɚ is highly sensitive to over-wintering egg survival, potentially compounded by 

changing seasonal exposure to environmental conditions; 

3) ɚ is highly sensitive to survival of reproductively latent females, potentially 

compounded by changing weather patterns; 

4) Fitness (RV) of females in the first brood is highest because surviving offspring are 

multiplied by reproduction in the second brood,  before prolonged exposure during 

over-wintering diapause; 
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5) The fitness of L. m. samuelis reproductive traits alternates with age across extremes in 

selective pressureðin a depressed state, fitness is gained by ovipositing abundantly 

immediately after eclosis, and in optimal conditions, fitness is gained ovipositing 

abundantly through senescence. 

My fifth hypothesis is based on an evolutionary demographic extension of butterfly foraging 

theory.  In some Lepidopteran species, early egg production has been fueled by larval foraging, 

while later reproduction is fueled by adult nectaring (Murphy et al. 1983; May 1992; Boggs and 

Ross 1993; Boggs 1997).  If fitness alternates between early and late reproduction, the 

evolutionary demography of L. m. samuelis is an example of disruptive selection (Thoday and 

Gibson 1962) for foraging and energy allocation strategies.  In the context of L. m. samuelis 

conservation, my fifth hypothesis, if true, provides a theoretical link between population viability 

and the efficacy of management to optimize larval hostplant quality vs. nectaring habitat.    

 

METHODS 

Stage matrix population model 

 In this section, I describe the L. m. samuelis life cycle graph (Fig. 3.1) and data used to 

estimate vital rates (Table 3.1).  In the following section, estimation of matrix elements is 

described.  The L. m. samuelis life cycle is characterized by two non-overlapping generations, or 

broods, superimposed by one annual cycle.  I incorporated both broods in one graph, with an 

implicit projection interval of one year.  Eggs laid by the first brood (egg2, node 6; Fig. 3.1) are 

non-diapausal, hatching after approximately 4.1 days (Bidwell 1995), however, eggs laid by the 

second brood (egg1, node 1; Fig. 3.1) over-winter and are diapausal.  Therefore, as modeled, the 

life cycle begins with diapausal eggs (egg1).  The diapausal egg phase is a necessary model 
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stage.  It is analogous to seed dormancy in annual plants, resulting in a life cycle that is 

fundamentally imprimitive (Caswell 2001, p. 59).     

The survival of adult females and ovipositing conditions may vary substantially during 

the lifespan of an individual.  I modeled adult females in three reproductive stages for each 

brood.  The latent stages (fem1 and fem4, nodes 3 and 8; Fig. 3.1), immediately following 

eclosis from the pupal stage, is characterized by the lag to mating and a variable period of 

ovipositing latency, during which total fecundity is assumed to be the square root of the mean 

daily oviposition rate (ŭ) for later stages.  Herms et al. (1996) observed initiation of oviposition 

after 2-3 days with 1-16 eggs oviposited per female over 5 days, or 5.33-8 per day after 

initiation.  I assumed a 2 day latency period.  Eggs laid during this stage are likely to have been 

produced during the larval stage or via larval energy stores.   

The peak stage (fem2 and fem5, nodes 4 and 9; Fig. 3.1), up to 6 days long, is 

characterized by full initiation of ovipositing and a gradual transition from egg production via 

larval energy stores to production fueled by nectar foraging.  Fecundity in the peak and senescent 

stages is the product of ovipositing duration (ɝ ) and daily oviposition rate (ŭ), where duration is 

a function of 2-day survival intervals (űfem).  I assume that mean survival and oviposition rate are 

constant across broods, but vital rates were randomized for each stage.  The constant mean is a 

conservative assumption since 1) anecdotal captive breeding observations support higher brood1 

fecundities and right-skewed age-specific fecundities, and 2) weather effects on ovipositing and 

survival are highly stochastic.  

The senescent stage (fem3 and fem6, nodes 5 and 10; Fig. 3.1), up to 12 days long, is 

characterized by senescence and the assumption that egg production is primarily fueled by 

nectaring.  Assumptions about the reproductive energetics of L. m. samuelis are supported by the 
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observations of Grundel et al. (1998a) on hostplant influence on larval performance.  Baylis and 

Pierce (1991) made similar observations for a related lycaenid, but also documented effects on 

oviposition.     

In the life cycle graph, I combined larvae and pupae, resulting in one larval stage for each 

brood (lar1 and lar2, nodes 2 and 7; Fig. 3.1).  The larval stage is characterized by survival to 

eclosis (űeclose), through larval parasitism (ɕpara), and through larval predation (ɕpred).  In the larval 

transition to adulthood, sex ratio (female proportion, ɗ) and mating success (ɣ) are applied, with 

the result that only mated female adults are modeled. 

Data sources for all vital rates are shown in Table 3.1, and data are provided in Appendix 

4.  I categorized vital rates as either demographic or survival process rates; process vital rates 

include environmental and temporal variation and an undefined mix of errors and uncertainty.  

Demographic vital rates, including female proportion (ɗ), egg hatch rate (űhatch), rate of larval 

eclosis (űeclose), and daily oviposition rate (ŭ), were obtained from data on 70 cohorts reared from 

wild females that were removed from 3 populations (Van Luven 1993, 1994, 1995, 1996; 

Savignano 1992 in IUCN 1992; Peteroy 1997; Tolson 1999).  Taking the cohort mean of total 

eggs laid over days-1 (to correct for undocumented and/or unobserved tails in the distribution) 

weighted by sample size (days observed), ŭ is the mean daily oviposition rate in captivity. 

Mating success, ɣ, was estimated by the proportion of females that produced cohorts in captivity, 

not including individuals assumed to be senescent.  I assume that the distributions of 

demographic rates were equivalent for both broods.   

I calculated Pearsonôs correlation coefficients (Sokal and Rolff 1995) for demographic 

vital rates, but finding the strongest correlation between daily oviposition rate and egg hatch rate 

at r= -0.153, I opted to ignore within-cohort correlation.  Making a realistic assumption about the 
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correlation between larval nutrition and egg production in the next cohort, but lacking data, I 

modeled the level of correlation between rate of larval eclosis and oviposition rate.  I made a 

simple linear adjustment to random ovipositing deviates based on larval survival deviates, 

resulting in correlation r= 0.26.  To isolate demographic variation, I assumed the binomial 

distribution for female proportion, egg hatch rate, and larval eclosis, the Poisson distribution for 

daily oviposition rate, and estimated demographic variance according to Akçakaya (2002). 

Vital rates describing the survival process were obtained from separate studies, not 

allowing estimation of co-variance.  Spoor and Nickles (1994) studied the survival of eggs 

through exposure during the fall (ɕegg1), including predation and ñlossò, assumed to be mortality.  

I assume the effect of exposure is linear, and applied Spoor and Nickles data to the brief period 

of summer egg exposure (ɕegg2).  Savignano (1990) documented survival through larval 

parasitism (ɕpara1,2) in reared wild larvae and studied survival through larval mortality due to ant 

predation in situ over 3 years (ɕpred), only partially controlling for other environmental influences 

by protecting larvae on potted plants from exposure during the night.  Data were not available to 

parse sources of variation for egg and larval mortality, introducing undefined and highly 

uncertain variation to the model.  I assume that the uncertainty contained in egg and larval 

mortality studies captures the unknown general effects of environmental variation, and leads to 

conservative estimates of matrix parameters. 

I used mark-release-recapture data from Chapter 2 to estimate survival of adults.  

Survival rates were estimated in POPAN-5 (Arnason et al. 1998) using the Jolly-Seber full 

model.  Following the design precautions and recommendations for parameter estimation of 

Arnason (1998), I estimated the mean survival rate (űi) for 2-day pooled intervals.  Invalid 

estimates (coefficient of variation > 20%) and estimates at the beginning and end of the sampling 
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chain were excluded from the geometric mean; such estimates unnecessarily inflate variance and 

have questionable validity.  During the study, weather was intermittently fair and poor.  The 

geometric mean 2-day adult survival rate was tested against survival estimated for females, and 

is assumed equivalent to adult female survival, űfem, but provides better variance estimation due 

to larger sample sizes.  Sampling variation was removed from total variance according to White 

(2002), by subtracting the average of the chain of sample variances from the variance among the 

sample estimates.     

Simulation and estimation of stage matrices  

 The process I used for simulating stage matrix population models generally follows 

Wisdom et al. (2000): 

1) I generated randomized sets of vital rates (Table 3.2), with daily oviposition rate drawn 

from the lognormal distribution and all other rates drawn from the ɓ-probability 

distribution.   

2) Randomly selected vital rates (Table 3.2) were used to calculate matrix elements of 

survival probability and fecundity (P and F in Fig. 3.1, following the notation of Caswell, 

2001), given by the stage-based matrix population model: 

0 0 0 0 0 0 0 ŭb
.5
ɝ3ŭb ɝ4ŭb

űaɕ1 0 0 0 0 0 0 0 0 0

0 ɗaɣ1űbɕ2ɕ3 0 0 0 0 0 0 0 0

0 0 ű1 0 0 0 0 0 0 0

0 0 0 ű2
3

0 0 0 0 0 0

0 0 ŭa
.5
ɝ1ŭa ɝ2ŭa 0 0 0 0 0

0 0 0 0 0 űcɕ4 0 0 0 0

0 0 0 0 0 0 ɗbɣ2űdɕ5ɕ6 0 0 0

0 0 0 0 0 0 0 ű4 0 0

0 0 0 0 0 0 0 0 ű5
3

0  

where ɝ is ovipositing duration, a function of survival:  
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ɝ = (Ɇliű)/(Ɇű
i
),    (3.1) 

l is the length of the survival interval (2 days), and Ɇ is over i1éi3 for ɝ1,3 and i1éi6 for 

ɝ2,4. 

3) The process was executed 2500 times, resulting in 2500 replicates of matrix elements and 

vital rates for L. m. samuelis. 

4) ɚ and/or RV were calculated at the stable age distribution for each replicate.  I did not 

estimate classical elasticity since the underlying imprimitivity of the model yields 

unsatisfactorily equivalent elasticity values for all egg and larval stages.  Hence, I 

measured the frequency distribution of ɚ (and RV) with respect to variation in specific 

vital rates, and the dispersion of ɚ is a simulated analogue for the conventional measure 

of elasticity.    

5) Data across replicates were analyzed to estimate effects of vital rates and matrix elements 

on ɚ and reproductive value. 

Steps 1 through 5 were repeated for all simulations, with differences in the selection and 

perturbation of randomized vital rates (step 1) and analysis of simulated matrix replicates (step 

5).   The simulations are organized in three series: 1) Estimation of matrix element means; 2) 

Simulated retrospective and potential elasticity of ɚ; 3) Experimental perturbation of mean vital 

rates. 

Simulation series 1:  Estimation of constant matrix elements  

Generating the distributions of ɚ and RV with respect to specific vital rates requires 

constant values for the remaining matrix elements, i.e., transition probabilities (P1-P8) and 

fecundities (F1-F6).  I obtained constant values for matrix elements by randomizing some or all 

of the underlying elements, and repeating the procedure outlined above.  In the first simulation, I 
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allowed all vital rates their full (retrospective) variation and means as estimated from the data.  

Hereafter, I refer to the mean matrix estimated from replicates under the full variation of vital 

rates as the full matrix.   

The elements in the full matrix serve as constants for the second series, in which I 

estimate ɚ with respect to variation in specific vital rates.  However, the set of matrix replicates 

generated under full variation serve a greater purpose; the ɚ distribution derived from them is the 

expected distribution for L. m. samuelis based on the full retrospective range of variation.  I 

calculated ɚ for each replicate, and to summarize the simulation, I calculated standard dispersion 

summary statistics for the ɚ distribution.  I constructed the 95% boot-strap confidence interval 

for ɚ by estimating the upper 97.5 and lower 2.5 percentiles.  I report the proportion of estimates 

ɚ<1, a useful index of the skewness of the ɚ distribution in relation to the direction of population 

growth.   

In the following 4 simulations, I grouped vital rates by demography vs. survival process 

and means in each group were held constant at +/- 1 standard deviation (best/worst case).  The 

remaining vital rates were randomized, and the simulation procedure was repeated for each.  The 

best- and worst-case scenarios approximate a condition of optimal vs. depressed survival 

process, e.g., ideal vs. poor environmental trends, and optimal vs. depressed demographic trends, 

e.g., large vs. small or isolated populations.   

Hereafter, I refer to the resulting matrices as best demography, worst demography, best 

process, and worst process.  The elements in the best-worst matrices serve as constants for the 

third series of simulations, in which I estimate ɚ and RV with respect to experimentally 

perturbed mean vital rates.  Once again, the matrix replicates serve a greater purpose; the ɚ 

distributions derived from them place boundaries on the upper and lower limits of uncertainty 
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due to demography vs. process in the model, and provide insight to the implications of protracted 

conditions, such as climate change or isolation. 

Simulation series 2:  Retrospective and potential elasticity of ɚ 

In the second series of simulations, I ask which matrix elements and vital rates contribute 

most to negative population growth.  Matrix elements were held constant according to the full 

matrix, and I simulated the distributions of ɚ and RV with respect to each element, iteratively 

randomizing the vital rates underlying each element in Step 1.  For retrospective variation, 

analogous to classical sensitivity, each element was randomized according to the observed 

variances in the underlying vital rate data.  For potential variation, analogous to classical 

elasticity, each element was randomized at CV=.1, .2, .3, .4, .5, e.g., as a proportion of the mean 

element or underlying vital rates.  Elements that are auto-correlated because of inter-dependent 

vital rates were allowed to co-vary only with respect to the dependent vital rates.   

Specifically, fecundities for L. m. samuelis are a function of ovipositing duration (ɝ) and 

oviposition rate (ŭ).  Therefore, the distribution of ɚ with respect to survival probability (P3, P4, 

P7, P8) in the reproductive adult stages includes the effect of lifespan (ɝ1é4), a function of 

survival, on fecundity (F2 F3, F5, F6).  Elasticity of ɚ with respect to fecundity includes only 

variation in oviposition rate (ŭ), with constant survival (ű1é6) and lifespan (ɝ).  Survival for 

senescent females (fem3, fem6) is not explicitly represented in the matrix since all individuals 

die without transitioning, nonetheless, fecundities F3 and F6 are a function of lifespan.  

Therefore, elasticity for the underlying survival vital rate is denoted by parentheses, (F3) and 

(F6).   

For each set of simulated matrix replicates, I calculated measures of the dispersion of ɚ 

for each element, as described above.  Comparison across the statistics describing the ɚ 
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distribution for each simulation result provides the basis for testing my hypotheses regarding the 

relative risk of negative population growth induced by each matrix element.  For comparison, I 

calculated classical elasticities from the full matrix, but do not discuss it any further because it 

does not adequately satisfy auto-correlated elements or the non-linearity of large perturbations.  I 

report the bivariate responses of ɚ and RV in conjunction with the final simulation experiment, 

described below, in which I evaluate the implications of natural selection for improving 

population growth under depressed conditions. 

Simulation series 3:  Experimental perturbation of mean vital rates 

  In the third series of simulations, I ask which elements and vital rates contribute most to 

positive population growth. First, I set up a series of simulation experiments in which the matrix 

elements were set to a depressed status quo condition, and then iteratively released groups of 

vital rates from depression.  To simulate an environmentally depressed condition, I used the 

worst process matrix as the invariant status quo.  To estimate elasticity of ɚ, I separately allowed 

each element to vary as follows.  Full demographic variation was allowed in vital rates, but 

variation was controlled at .1 CV for process vital rates.  To simulate the release of a vital rate 

from depression, the mean was increased by 6%.  To simulate survival release, the 6% increase 

was over the status quo worst process condition of -1 standard deviation for process vital rates.  

To simulate fecundity release, oviposition rate was increased by 6% over the raw estimate.  I 

report the full frequency distribution of ɚ for each matrix element perturbed by the change in 

vital rates. 

 Next, I ask how fit reproductive vital rates are across life stages and extremes in natural 

selection.  I set up two simulation experiments to test the bivariate response of ɚ and RV (fitness) 




