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ABSTRACT

Fuller, Steven GPopulation Dynamics of the Endangered Karner Blue Buttdrflggeides
melissa samueliSabolov). Typed and @und thesis, 146pages, 2@ables, D figures, 2008

Urbanizationand fragmentation in extant eastéls. populations may limiKarner blue
recovery. My objectives were to: Igonducta markreleaserecapture studgMRR) in New
York and analyze timeseriesfrom New Hampshiréo investigate the influence of Allee
dynamics and fragmentation ametgopulations (2) parameterize a stage matr{8) conduct
life table simulation analysis (LSA evaluate the implications of Karner blue life history for
recovery alternativeg4) conducta population viability analysis (PVA) to evaluate
metapopulation sensitivity to fragmentation and other yiskd (5) derivaninimum viable
population size (MVP).

Fragmentatioreffects observeth theMRR includenull migration to roadside areas
(males=46%; females=50%nhdmigrationrates rangingrom 45% in small isolated habitat
patches to 2% in the largesh New HampshireAllee dynamics limiédegg and larvayield
prior to extirpation.Thetwo studies indicatéhatcolonization and persistencesrhallisolated
patchesaretenuousn fragmented systems

Fewspecies with complex life cycles and roverlapping generatiortsave beenstudied
using LSA MostLSA studiesemphage elasticities of the intrinsictae o f 1);b58% ot as e ( &
Karner blue matrix acempdlicmdrts &,adl sxnal yzed r ¢
weight the fitness of each life stagéiness of the oviposiin rate alternated between latent and
senescent females across extremes o . Butterfly foraging theor
foraging strategies control the timing of ovipositing. Alternating fitlet®/een stages
demonstrates a mechanism for natural selection on foraging strategies, and may be an uncommon
exampe 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.

| ranked habitat loss and null migrati@s catastrophic risks, with egg and larval
mortality second. Endangered species recovery plans require MVP, but few raport the
Population managers require absolute targets in order to prescribe adequate habitat emanagem
and design preserves. | 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 samuelisspesal, fragmentation, metapopulation, road effect,
demographic stochasticity, reproductive value, fitness, life history, stage matrix, population
viability analysisife table simulation analysispinimum viable population, foraging,
ovipositing
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Chapter 1
INTRODUCTION i Overview to Dissertation

SPECIES BIOLOGY

The federally endangered (Clough 1992) Karner blue buttieyttgeides melissa
samudis Nabokov (Lycaenidae) once inhabited xeric habitats supporting its oltigsti@lant
blue lupine Lupinus perennijs in a band extending across the Great Lakes region and east to the
Atlantic. Lycaeides melissa samuedise monophagous, utilize dige nectar sources, and
require a mix of open and partially shaded habitats (Dirig 1994; Smallidge et al. 1996; Grundel
1998). Lycaeides melissa samuedhkdi-voltine with obligate larval feeding drupinus perennis
L. during April-June.

Eggs laid bytie 29 brood (July)enter an obligatory diapaused oveswinter on
vegetative material, primarily. perennisandScheactyrium scoparium(Dirig 1994; Grundel
1998. Thehost plant.. perennids dependent on regular disturbance to maintain high light
conditions and exposed bare soil for recruitm@&nhéllidge et al. 1996 Because of their life
history and habitat requirements, igisnerdly accepted thadt. m. samuelipopulation dynamics
are well described by metapopulation theory (Givenish eB88;1USFWS 2002)lthough
actual data are scanThe 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 (19919bserved widespread weather patterns in association with synchronous
fluctuations in butterfly populationd.ong-term phenological changes of both alpine vegetation
and Lepidoptera induced by climate change, leading to perturbations spetsfic
relationships and availability of host and nectar plants were documented by Walther et al. (2002).

Dirig (1994) observed that the southern range bounddryrf samuelisoincides with the line



of 80 to 120 days of continuous snow cover, and hypothediaethiey 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 fdtthe species is uncertain.

OBJECTIVES

The goal of my dissertation research was to describe the population dynamics. of
samuelis My goal necessitated a complex proces®iving data synthesis and megtnalysis,
model parameterization, testingassumptions, and many simulations. Figures 1.1 and 1.2 map
the analytical procesBy observing the spatial dynamics of a markathplein a fragmented
population, | was able to measure the effect of fragmentation on migration among populations
and on ctonization of isolated habitat patches. | also obtained robust estimates of survival.
Data on survival and migration filled a critical gap in the literature.on. samuelisital rates.
Synthesizing these data with data from published studies andecheding programs, |
parameterized a stage matrix for within population dynamics and a generalized population
viability analysis (PVA) for metapopulation dgmics. Thorough evaluation @énsity
dependence is necessary for model projections. Tetidat quantified Allee effects and
developed a theoretical framework for relating habitat to carrying capacity and abundance
estimates. The models | developed allowed me to evaluate the contributiotizidfial life
stages to population growth aaderall fitness of the species, with important implications for
population management. | evaluated many of the assumptions necessary to complete spatially
explicit PVAs, which will provide a powerful tool tssistUSFWS and population managérs

meeting reovery objectives



SYNOPSIS OF CHAPTERS

In Chapter 2Two case studies dfagmented.. m. samuelisnetapopulatios) is a study
of factors influencing migration in a fragmented metapopulation. | analyzed a time series for the
extirpated New Hampshimopulation and demonstrated the operation of Allee dynamics on
yield of eggs and larvae per femaMovements 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 systm was designed to capture movements among habitat patches and through the
interveninghabitatmatrix. Migration was related to population factors (sex ratio and density),
habitat factorsiost plan@and nectar abundance), and landscape factors (plot peiityei.e.,
boundary conditions, area, inglot distance). Donald J. Leopold provided intellectual support
and resources to conduct this study, and will be coauthor ofighescript from this chaptdn
be submitted t&€onservation Biology

Chapter3 (L. m. samuelifife 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). flente of the life
stages on population growth and fithnessevaluated according to classical matrix analysis and
under simulated elasticity and fithess. This chapter includes analysis of data from several
captive breeding efforts, as well as substdm@thalytical guidance from Brian Underwood, who
will be a coauthor of the manuscript from this chapter, to be submittecbtogical
Applications Due to the length of this chapter, | may draft separate papers on 1) development of

the life cycle graphrad matrix parameterization, and 2) LSA form. samuelis.



Chapter 4 General metapopulation dynamicsLofm. samuelisis a synthesis of the
published literature, captive breeding data, and the stage matrices developed in Chapter 3 leading
to the paramerization 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 prolmiseane 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 senesmemnd spatial constraints on ovipositing
substrate, e.glL,. perennisstems. | authored this chapter independently and will submit
manuscript fromt to Conservation BiologyDue to the length of the chapter, | may draft
separate papers on 1) estion of MVP and carrying capacity, and 2) risk analysid_fon.

samuelis.



FIGURES

Figure 1.1. Data supporting metapopulation model developm&adand greerboxes indiatedatafrom case studies and captive
breedingorograms.Three boxes at loweight indicate data prestad in Chapter 2. The twwoxes at upper right indicate data
presented in Chapter 3.
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Figure 1.2. Evaluation of assumptions in support of metapopulation mddalee model assumptions at lower right are evaluated in
Chapter2. 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

Historicdly, ecological disturbances and Native American settlement patterns maintained
open habitat for Karner blue butterflids/¢aeides melissa samuehlgsbokov) in northeastern
North America. The Karner blue and its oblightest plantblue lupine lCupinusperennis,
have persisted igreendeveloped areasuch as airports, utility rightsf-way, and road edges
because moderate anthropogenic disturbances mimic beneficial ecological disturbances.
However, extensive urbanization and fragmentation intheeast por ti on of t he K
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, metapaton theory predicts that perturbations of
the balance between colonization and extinction rates can be catastrophic. | cocaketed
studiesof two populations. First, | analyzed a time series for the extirgadedord New
Hampshire populatioto test foranAllee effect onegg and larval yield per femaléext, | used
markreleaserecapturghereafter, MRRJo investigate fragmentation effects on dispersal for the
Albany Pine Bush population. Dispersal across roads occurredshbatly appearetimited by
traffic and wind. Immigration to roadside areas was mreguentthan immigration to habitat.
Small, isolated habitat patches had high ratesmgration. Emigration was inversely density
dependent, interacting with demographic, landscape habitat factors. | 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 preservefiould minimize the number of roads between habitat patches, minimize



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 obligatehost plantblue lupine Cupinus perennijs in a band extending across the Great
Lakes region and east to the Atlantithe northeasterngption of the historic range of the
species is rapidly shrinking (USFWS 1992).m. samueligare monophagous, utilize diverse
nectar sources, and require a mix of open and partially shaded habitats (Dirig 1994; Smallidge et
al. 1996; Grundel 1998). Bagse of their life history and habitat requirements, it is widely
accepted thdt. m. samuelipopulation dynamics are well described by metapopulation theory
(Givenish et al. 1988).

L. m. samuelisurrently thrives in extensive grassland, savannahbandnshabitats in
the Great Lakes region, but the extent of open habitats isgttlement New England is
guestionable (Vickery and Dunwiddie 19%otzkin and Foster 2002 Loss ofL. m. samuelis
habitat has been rapid in thertheast as sandplain comnities, heathlands, grasslands, old
fields, powerlinerights-of-way, airports, and other early successional habitats that expanded
with European settlement have been developed or reverted to woodlaridsy and
Dunwiddie 1997Motzkin and Foster 2002)Habitat los@ndinadequate habitahanagement
have been cited as causative agent& fon. samuelislecline (Dirig 1994; Grundel 1998a,
1998b; Packer et al. 1998pirig (1994) implicated a trend in decreasing duration of winter
snowpack, but no stigk that lead to conclusive diagnoses of decline (Caughley 1994) have been

conducted.L. m. samuelisontinues to decline despite research on habitat requirements and

10



habitat management techniquési@ore and Tramer 1998mallidge et b 1996;Swengel 996;
Grundel 1998a, 1998b; Forrester et al. 2005; Pickens 2006).

Other mechanisms for decline need evaluation. The applicability of metapopulation
theory toL .m. samuelifias not been tested (King 1998), even though empirical studies of
presumed metapajations often reveal a complex range of spatial population processes
(Harrison and Taylor 1997). The spatial complexity of insect populations is veidedypted
(Turchin and Taylor 1992)Lane (1999) recognized the heterogeneity of movement behavior
within and outsidé. m. samuelifiabitat patches, and King (1998) observed migration among
discrete habitat patche&rundel and Pavlovic (2007) observed the influence of habitat variables
and spatial patterning dn m. samuelipatch occupancy.

Local varation 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; RibBlyieland Gok
1972; Ferson and Burgman 1990; Dennis et al. 1991, Caughley 1994). The inherent tendency of
Lepidopterarpopulations toward local crashes has not been emphasized in the published
literature onL. m. samueliseven though it has been well demonstratat $patial 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 1998fragmentation is known to limit dispersal and other
population processes for Lepidoptera (Hanski et al4188ve et al. 1996; Hill et al. 1996;
Baguette and Schtickzelle 200Fatch dynamic®alanceextinctions within preserve®ickett
1978; Arnold 1983Schultz 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 charactetiepidopterarspatial population
dynamics witha 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). Conclusiv@igtration of the
operation of Allee dynamics and other negative feedback processes operating in small
populations is limited by crude population estimates and confounding factors (Kuussaatri et al.
1998), but as long as biodiversity losses outpace caatganwesearch, 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 spghahaics in terms that are relevant to
population management and preserve design may result in the extirpdtiaon.asamuelisand
species with similar life history traits from significant portions of their historic distributions. The
purpose of this stly is to identify interactions among landscape, habitat, and demography that
mitigate spatial processes and test whether spatial population processgsaie a fragmented
landscape.n a case study of the extirpated New Hampshire populdtiemongiate the
relationship betweeh. m. samuelipopulation size anthe yieldper female of eggs and larvae
In a markrelease recapture study of the Albany, New York populati@entify several general
types of spatial dynamics that are occurring amaghly fragmented study populationslext, |
test for dependence of migration and individual movements among paired habitat patches on
landscape, habitat, and demographic factors. Finally, | discuss the implicatioagwb th

studiesfor population managment and preserve design.
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METHODS
Study aea

The study area included a system of eight diegatches of.. perennidocated inthe
Albany Pine Bush irastern New York preservEig.2.1). Roads and commercial development
dissect the aredrregulaly shaped studylpts for marking and recapturing individuals were
delineatedalong both sides of a highway, with the furthest plot approximately 0.6 km from the
highestL. m. samuelipopulation density Study plots formed a continuous mosaic across the
entire study area, including both habitat patches and the intervening.ntégngafter, all study
plots will be referred to as plots and may be classified as either matrix or hatatatat pots
containingL. perennisvere delineated to include opareas, grassy habitat, and nectar plants
and were classified as habitaflatrix plots devoid of nectar plants br perennisvere
delineated to includep@ncanopyareaslawns,and old fields. Roads and highways were used
to define contiguous blockd adjoining plots. The study system was designed primarily to test
predictions about the movementsLoim. samueligt multiple scales among habitat patches
(pairs of plots) in a fragmented landscape.
Sampling and data collection

An attempt was made gample each plaine to twatimes daily, bubn 4 of 30days,
rain prevented samplingduration was recorded for each sampling period and plot. The product
of plot area (rf) and duration was used as an estimate of catch &ffogach 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, theariesoh

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 efahagsd
areas by.. m.samueliss limited (Grundekt al.1998). Closedcanopy areas were devoid of
nectar sources arbst plants

Unmarked butterflies in each sample were assigned unique numbers and marked on both
hindwings with a SharpfeUltra Fine Point pen. Sex, mark number, location (plot), and time of
capturewere recorded fo472captured butterflies prior to release (Ehrlich 1960; Brussaadl
1974). JollySeber population parameters with heterogeneous survival were estimated in
POPANS5 (Arnason et al. 199&nd partitioned by sex and locatiomhe Jol-Seber model
survival and closure assumpticar® generally met for butterfliegith limited dispersa{Gall
1985). Arnason et al. (1998) improved the model to allow heterogeneous survival, making
survival estimates robust to failures of model assumgtion

Model fit was evaluated by rigorous testing of model assumptions as followssq@dme
tests developed for testing goodressit were conducted in POPARN (Arnason et al. 1998).
General description of goodnessfits for markreleaserecapture radels 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 esgléaiiesl assumptions
(Burnham et al. 1987; Pollock et al. 1990; Pradel3)99

Estimates were grouped for individuals marked within contiguous blocks, ignoring
movement among blocks and individual plots. Samples were pooled &eoatsys to
minimize error (Arnason et al. 1998). Migration was analyzed separately. Theuioiad¢r 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

14



marked males captured in a plot provided an index of sex(BEXRAT), where negative
values were femalbiased and positive values were mbiased.

The total number of individudl. perennigplants (HOST) were estimated by censusing
low-density plots and with linentercept sampling in high demgiplots. An index of nectar plant
richness (NECTAR) was scored on the presence/absence of locally common species.

The center (centroid) of each plot provide
location per unit time. Distance (Z) between plots walculated on plot center. Plot perimeter
(m), area (1), and perimeter:area (PA) were calculated in ArcView. The proportion of plot
boundaries with closed edges (CLOSED), open edges (OPENj)ppemiedges (SEMI),
pavement (PAVE), and higtaffic roads (TRAF) were estimated from resolution digital aerial
photographs in ArcView 8.2. The pavement class includedtnédfic boundaries.

Count data and captive rearing détay. 2.2) were obtained for a New Hampshirem.
samueligpopulation that ddimed to extinction over an eiglyear period {Van Luven 1993,

1994, 1995, 1996; Peteroy 1997; NHFG 2000, 200¥alk-through counts (Pollard and Yates
1993) were conducted during both broods to okldaiabundance index. When compared with
residency trasformed countghe walkthrough counts provide a suitable indexlfom.
samueligPickens 2007). Females with similar wingar were captured from the wild to
monitor egg and larval yieJ&nd were reared according to Herms et al. (1996).

Analysis

To validate whethethe prediction that population growth rates decline at low density
(i.e., an effect of isolation in fragmented systensstrue forL. melissa samueligount data
were regressed on broodgg and larval yielslper female Prior to peforming the model

selection procedure plostulaedthreepremises First,becausdroodl is typically smaller than
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brood2 (Savanick 2005; Pickens 203 pulation bottlenecks are more likely to occur in
broodl Second, low density increassearch tine for mates, competing with allocatsof time
andenergy tareproductive behavior and physiologyhird, if matefinding constraints oadult
allocations otime andenergy tareproductiodimit egg and larval yieldMurphy et al. 1983;
May 1992; Boggsind Ross 1993; Boggs 1997; Grundel et al. 1998a), a brood1 botteitieck
interactwith brood2yield.

Therefore, | determined priori that both peak counts4(l,) and temporal trend
(t=survey yearyhould be included in theet of candidatenodek, and hypothesized that the best
model would include fard aninteractionterm () or t he mean peak count
transformecpeak countgrior to analysis, calculated theean andnteraction terrs, and created
a set of candidate models definedtbjp,+(b,| #1k)] andt+[bo+(by| &1k)]. | calculated all
possible regressns (PROC REG, SAS Institute 1999) and retained the best to reduce the set of
candidate modelsTodeterming he best model, | <calcul ated Aka
(AIC), corrected for small sample size (A)Con all models (PROC REG, SAS Instituted29

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)grétion statistics (Kobayshi and
Takano 1978) were calculated for all pairs of plots, with a modification to account for transient
migrations, immigration, and spatial stratification:

&;= byj/(bi+a+ax+as) 2.1

Ijj= dj/(ci+aqt+ap+ag) 2.2
In formula 2.1, g is the index of per capita emigration from plat plog, where ais the number

marked in plgtand recaptured only in pldiresidents), ais the number marked at plotaptured
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in another plot, and last caught in pldtansient emigants), ais the number that were marked
in another plot, caught in plgtand subsequently recaptured in plpbrrtransient immigrants),
bi is the number that were marked in plahd last caught outside pl@ital emigrants), and;b
is the numbethat were marked in ploand last captured in p|¢emigrants to plgL In formula
2.2, | is the index of per capita immigration rate from piotplot , where d is the number that
were marked outside ploand last caught in plaftotal immigants), and g is the number that
were marked in plpaind last captured in pldtmmigrants from plg}. Net per capita migration
rate for paired plots i and j ig-@;.
The effects of demography, habitat, and landscape were analyzed for patisediih
nontzero migration, for individual flight paths, and individual moves comprising flight paths.
The difference between independent variablgs{iXwas calculate to provide an index of
change ( @Xo9plof. Malesi epmaolte bi as i n @SEXRAT was tr a
equal ed the most oO6unfavorabl y biilegsatedthenodtange
6f avorably biasedo lgvaratae rglationshipSiofluetcing@nd jjfdre t he m
paired plots, canonical correlations gfamd j; with demographic variables, landscape variables,
and habitat variables were calculated in PROC CANCORR (SAS Institute 1999).
My main purpose for uizing canonical correlation was graphically depict muli
dimensional population dynamics by plotting paired study plots on the canonical axes, therefore,
| report only the canonical correlation and not composite correlations. Hereafter, | wibrefer
the quadrants according to coordinate geometry; they are numbered counterclockwise beginning
in the upper right. Variables with insignificardec r el at i ons ( qOdPedMppedpS E M1 ,
from the analysis and variables with significant) = @orrélgt ons wer e r et ai ned (

PSEXRAT, @HOST, ®@NECTAR, ®@CLOSED,i geRAVEi ®TRA

17



a n d ;j=eg% , pairs ij and ji were retained as unique observations; migration paths for each sex
were also retained as separate obsenatidtatterns 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 hostplangerennis.Matrix was defined
as a pbt lacking the hostplant. The metapopulaiategory was assigned to pairs of plots for
which the net per capita migration of individutdsor from habitat pletvas >=-0.1 and <9 .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
overtime,asn Levi nds cl| assil¢l9ade The manmrtlandcategony mo d e
was assigned to pairs of plots for which the net per capita migration of individuals to or from
habitat plotwas > .1 or <.1, based on the assumption that habitat patches nigeechanging
individuals with the surrounding landscape are susceptible to imbalanced extinctions and
colonizations wer time (Harrison 1991). The reseAbee categorywas defined as a special
case of the mainland island category (high migration rateshich habitat plgthad
exceptionally low density, under the assumption that high immigration in low density
populations mitigates extinction risk (Brown and KoeBiomwn 1977) and high emigration
increases extiction risk (Allee 1949). The corrideategory was assigned to pairs of plots for
which the net per capita migration of individuals from matrix;plas <Q i.e., individuals
marked in a matrix plot moved to a habitat pldte null dispersalategory was assigned to

pairs of plots for whiclthe net per capita migration of individuals to matrix phas >=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. -Wagénteractions among
demographichabitat, and landscape variables were tested under the Nttgrszel procedure
with the BreslowDay test for heterogeneous odds ratios (PROC FREQ, SAS Institute 1999).
Maximum likelihood chisquare tests were used for RxC tables (PROC FREQ, SAStmstitu
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 | error rates resulting from
low cell counts (Sokal and Rolff 1995).

Flight path paramets 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 andagility (Scott 1975were tested in PROC GLM (SAS Institute 1999).

RESULTS
Population mrameterestimates

Mark-releaserecaptureassumption testre eported in Appendix 1, TableslA-2. The
POPAN JollySeber model allowing heterogeneous survisabbust to failures of assumptions
(Arnason 1998), so a stringent test (U=0.01)
Fewer than 5% of MRR samples failed the equal capture tests. Fewer than 10% of samples
failed tests for Typé loss, i.e., ndifferentiated trapnortality and period transience.
Inclement weather inflated Tyddosses 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 blolis8.1), therefore capture
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statistics were not weighted by capture effBdpulation parameter estimatesd mark
recapture data summary statiséee reported in Appendix 2.
Migration, demography, andillee effects
The best model fdooth egg and larvalield per femalevas model 1, b,z (Table 2.1).
The New Hampshire time series is showifriig. 2.2. For egg yield, wpntitative evidence that
the data support model 1 over modek B weak. Evidence that the data support moddls 1
over models 84 is strong. The brood1 peak count and interaction between broods explain most
of the variation iregg yield(r’= 0.933).

For larval yield, quantitative evidence that the data support model 1 over mdges 2
inconclusive. Evidence that the data suppmdels 15 over models 44 is strong. The brood1
peak count and interaction between broods explain most of the variation in larval’eld (r
0.737), but the effect of time (t) can not be disregarded.

Migration from patch i ranged from 0.45433 inadhisolated habitat patches to 0.02692
in the largest For all pairs of plots in the maieleaserecapture study, canonical correlation of
e; and j; with demographic variables was significant in the first axes (Can@®B69, p=
<0.0001). Canonicatorrelation summary statistics are reported in AppeBgdibable A3.1.
Emigration and immigration were significantlge r el at ed t opPIOXERASTITY. and
Attributes of intact metapopulatiatemography, 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). Forpairs of plots with_. perennisat i, classified by density, thgeneral linear
model g= SEX| DENSITY]| DENSITY; explained nearly all variain in emigration between
plots (df=9, F=195.84, @0001, f=0.99492). All main effects and twavay interactionsvere

significant (p<0.001), but are not reported in detail.
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There was a thre@ay 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 migratios 6% = 9.7871, p #0.0018). Malesvere more likely to improve their sex ratio
when they migrated to higher density plots but compromised it when migrating to low density
p | o fws=36.23039, p=€.0001). Frequency of female migration from low denplots to
high density plots wasOmet). affected by sex ra

ANOVA showed that vagility, observed net displacement (distance between marking
location and final recapture), and observed net displacement squared were higher for ladividua
marked in low density plotsif=2, F=3.54, p=0.0342if=2, F=3.15, p=0.049Mdf=2, F=3.01,
p=0.055%. Vagility was higher for femalesl{=1, F=3.27, p=0.0748 The number of
individual moves had a heterogeneous effect on observed net displacemegcant@uous
blocks @f=3, F=31.86 p<0.0001), so separate regressions were justified within blocks, allowing
separate testing for a barrier effect (Turchin 1993bserved net displacement squared
increased linearly for individuals leaving low densitgtp] and was nonlinear for higher density
plots Fig. 2.4).

Migration, habitat, andlandscapesffects

For all pairs of plots in the marieleaserecapture study, canonical correlation pbad
ij with habitat, and landscape variables was significattie first pair of axes (CanCorf=800,
p=<0.0001). Emigration and immigration were significantly correlategpt¢ OS T PL ANT ,
PNECTAR, pPCLOSED, P A, P A WiEMB)NAtitributesrofdntact pT RAF F
habitat, i.e., presence bf perennisand nectar plants, are clustered in the third (lower left)
guadrant of the first canonical axésg. 2.38). However, paid plots with indicators of

fragmentation, i.e., rescuidlee dynamics and null dispers#lig. 2.3c-d), adjacent pavement,
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open boundaries, and low perimeéeea ratiofig. 2.3ab) are scattered toward the first
guadrant (upper right).

The effect of haglant and nectar on the frequency of male and female migrations was
homoge AnG 0.6742( pc0.7854) (Table 2.3). Nectar availability improved when males
migrated to plots with morkeost plantsbut they most frequently migrated to plots with lirdite
nectar and fewehmost plantg %y = 28.8407, p €.0001)(Table 2.3). The interaction of density
and roads was heterogeneous f o%=3m26gpations to
0.0642). Migrations were most frequent to low density plots leithhostplanabundance
adj acent t%p=p.5407epm@0828). KNull dispersal, e.g. dispersal to the matrix,
was homogenous for males and females and strongly associated with the presence of pavement
( ma fue=26.2202,p<0 0 0 0 1 ; 3 =7Mm=0.82863 (Table 2.4). Plots adjacent to
roads were generally more linear and open than other plots, therefore migrations to and away
from roads were associ a’t&8d4lgiptd 0PTAzQL0EAB, and
p =0.0004). Individal moves and frequency of migration among pairs of plots were more
frequent within contiguous bl oé%84.676,lpan among

<0. 0 0 (7% 25.4498, p <@001).

DISCUSSION
Migration, demography, andllee effects

Field studes haveshownthat Allee dynamics operate in many taxa, including
Lepidoptera (Kuussaari et al. 1998). | confirmed that Allee dynamics operasgd@md larval
yield prior to extirpation of the New Hampshire population. Data consistently indicatésthe

brood bottleneck as an important explanatory variable in models for secondelggpadd larval
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yield. The Albanystudy Ifound strong evidence thiat m. samuelislemography can interact
with dispersal behavior to produce Allee effects. The dffatts of fragmentation, i.e., gross
loss of habitatwith a corresponding reduction in population size angriaption of spatial
processes;ontribute to Allee dynamics and are a serious threatitm. samuelis

Model assumptions were generally mat the markreleasecapture study. Typelosses
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-oalpteckeffects
in butterflies, buttheassumption that handling m. samueliposesa serious riskPickens 2007)
is not valid.

Emigration and immigration were correlat®dh changes in density and sex raffiag,
2.3bc), and were highest in the lowest density habitat patchks.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 Apaigr matrix areas (Table 2.4). Females were
more vagile and less influenced bygdbdemography, 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 startingpoint after reaching a maximum distan&gy( 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 degsy2t
c). Even though thstudy sitewas 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 habitataserious; 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 tanigrate 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 patterevealed here, i.e., emigratiorLirm. samuelis
can be inversely density dependent, emigrants may seek to improve sex ratio, and females have
less frequent but more targeted dispersal than naades expected and have to varying degrees
been corrobated 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 fragmentatioiispersal at higher densities
were not as clear.
Migration, habitat, andlandscapesffects

Habitat, landscape, and demography interact with migration in this study system,
mitigating or exacerbating the effeacif fragmentation. Emigration and immagion are
correlated to changes in hostplantiatiance, nectar richnes$gsed edges, and perimeter/area
(Fig. 2.3). Plotted canonical variables reveal paired study plots clearly grouped on landscape and
habitat variables. Withihabitat, a gradientdm classic metapopulation dynamiesg.,

balanced immigration and emigration (Levins 1968)ess stable dynamics is cle&rd. 2.3c).
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Habitat quality declined along the same gradient. Theahadming pattern is balanced
migration between plots (laav 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 migrafimn Z.3a)(lower left,
guadrant B colonizations e likely to balance extinction§&ig. 2.3c) as in classic
metapopulations (Levins 1969). Migrations to plots weiNlensex ratios antiigher density were
typical in the third quadrank{g. 2.3a), which may have countered the diminished habitat quality
and driven densitylependent colonization. Toward the origin, the metapopulation effect grades
into a less balanced arainlandisland(Harrison 1991) patterr={g. 2.3c) as habitat diminishes.
To the upper right, imbalanced migration in lolensity plotsuggests rapid turnover and
ongoing rescue (Brown and Kodfisrown 1977) or Allee dynamics (Allee 1949). Plots in the
rescueAllee class were characterized by very low density and high emigration or immigration.

Frequency of migration was minimakiyfected 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 agher proportion of closed eddeartially permeable edges
may limitinversdy density dependent dispersal. m.samuelidiffusion models (Lane 1999)
imply that edges limit randomovement from habitat, but completesure would prevent
immigration. A partially-shaded habitat preferenags documented b@rundelet al. (998b).
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 plotslwipterennis put was independent

of density among matrix plot&ig. 2.39). Migrants more frequently selected quality habitat, i.e.,
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plots with more nectar arld perenniswhen moving from the matrix to habitat. However,
individuals emigratig from habitafrequently failed to migrate out tiie matrix (Table 2.4).
Roadeffects

Emigration and immigration were correlatedh pavement and roadkig. 2.3a). Null
dispersal Fig. 2.3d), was associated wighlotsadjacent tgpavementFig. 2.3a). Migrationto
low density plots was more frequent when the paved boundary proportion increased and nectar
availability decreased, and was independent of changes in hostplant abursltraggh |
found no evidence of elevated mortality associated with rhadselssa samuelispatial
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 bostplant 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 migramtsd (2)paved areas are barriers inhibiting flight,
and adacent 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 csaddort 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. Secathsplacement 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 lovdensity population (or poaguality habitat) conferred little benefit.
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Third, wind speeds were noticeably higher adjacent to roads, andimamygamuelisnd other
species wergisually observedbut not quantifiedpeing blown offroads by vehicular winds or
immobilizedin low vegetation under consistent roadside winds.
Theoreticalimplications

Several classes of spatial population dynamics operated in the study, sirstemby
landscape, behavioral, and population procesBepulation patterns that would be expected
under the operation of metapopulation, maintetand, and rescue, and Allee dynamics were
apparent within habitat, and emigration was inversely dependent on density. Intervening matrix
areas sometimexciedas corridors. Movement out of the matrix westriced 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 associatddorased sex ratios at low density, and
congregation may play a role in maintaining high dersity. samuelipopulations. Inverse
density dependent migration may limit population growth in stepping stone populations or newly
established founder poptilans 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 far m. samuelisnigration, density was not
independent of Hatat quality, and habitat boundaries clearly influehe®vements. The ability
of increasingpopulation density to balandienited dispersal in colonizing populations is linked
to landscape factors. Invading populations with irregular invading edgesigher spread
rates (Lewis and Kareiva 1993). If invading populations can be likened to rare populations

colonizingnewly created habitat, then patchily distributecoerennigpopulations ot.. perennis
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populations with partially closed boundaries létely to be more rapidly colonized hy
melissa samuelidhan contiguous or homogeneous expanses of created habitat.

Roadsphysically and functionalljragmented the study are&cale of fragmentatiohas
been predicted to e most important deteinant of disperser success in fragmented systems
(Doak et al. 1992)ut in this systenthe interaction of demography, behavior, and habitat with
the landscape was a more important determinant of disperser success than scale. Null dispersers,
especially nales, 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 les
than the maximum dispersal rangeslfom. samuelis

Even though therevasno evidence that roads or pavement increased dispersal mortality,
failure to reach an obligate host can functionally be interpreted as mootadityeast lost
oviposition oportunity. Fragmentation prevented a majority of them. samueliglispersers in
the metapopulationdm reaching their obligate hogtailure to reach suitable habitat may have
serious implications for selection against dispersal (Van Dyck and Matthg$®). Field
studies have shown that selection in metapopulations operates on dispersal relaied traits
LepidoptergGilbert and Singer 1973; Singer and Thomas 19883persal depression with
fragmentation has been observed for the bog fritillatyelily Proclossiana eunomia
(Schtickzelle et al. 2006} in dispersaldepressed metapopulatiom®alance of immigtion
and emigration over time &snecessity for persisten@yenpoor dispersers mustcasionally
disperse to colonizing pateb. Thegood fit of various randorwalk models withepidopteran

movement (Turchin 1998) and diffusion modelsliom. samueligLane 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.. m. samuelipopulations. Theorghows that selection agairtispersal related
traits increases the probability of extinction in metapopulations (Leimar and Norberg 1997).
Individuals that successfully disperse and coloforedensitypatches in a fragmented
populationwill contribute a propensity for dispersalthe next generation, potentially inducing
Allee dynamicsi.e., inversely density dependent disperaatitherebylimiting colonization
(Lewis and Kareiva 1993). Negispersive individuals may constitute an increasingly high
proportion of the older papations (Leimar and Norberg 199¥%ading tocongregation in older

populations.

CONCLUSIONS

The patterns observed are consistent with theoretical predictions about dispersal,
selection, and Allee dynamics. | demonstrated two Allee sfféfan intmsically driven effect
onegg and larval yieldand 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 isolat 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). Althogh densitydependent 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. (20@d) phaanalysis 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 patcheslbyn. samalis may be limited in fragmented
landscapesMatrix quality and spatial patterning influenicem. samuelipatch occupancy
(Grundel and Pavlovic 20070ccupancy may be bolstered by enhancing habitat in marginally
occupied patches, but Allee dynamicaren by biased sex ratios, limited immigration and high
emigration will forestall lasting occupancy (Richigyn 1972). Withiametapopulation
translocations may be the only population management alternative in fragmented systems.
Translocation may alleate biased sex ratios, compensate for null dispersal, and provide
variation in dispersalelated 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 d the extanL. melissa samuelimetapopulations, habitat patches are situated in
openings adjacent to roads,lagperennigeadily 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 ttefomg
metapopulation viability in preserves with occupied habitat concentrated aleaaisg) r

Ideally, preserves should have a clesadopy barrier between the preserve interior and
all areas bordering pavement since open areas adjacent to rdgos/ament operate like sinks
(Fig. 2.7a). A closedtanopy buffer >50 m should be a minimuaguirement 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.samuelissince populationsiigks 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. Thistudy provides evidence that the letegm 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 necessitpf road crossingl recommend a minimum block of 1500 ha, depending on
habitat quality. Unfragmented blocks within preserves should be large enough to contain several
habitat patche@~ig. 2.7b)with natural corridors between them (Pickett 1978; Adri®83).

The per hectare value of expansive open habitats like airports is low due to the extreme
permeability ofL. perennigatches contained thereifhe fragmented matrix operated like a
sink in this study, therefore habitat patch occupancy shailcety on migration across
developed areas. Time spent in the matrix confers a net loss in ovipositing time, and hence,
fecundity (Hanski et aR006).

When road crossing is essential, corridors should be planned to guide dispersers directly
across road@ig. 2.7¢) 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) shouiditmzed by
enhancing corridors with occasionalperenniglants and sparse nectar plants. If dispersers do
not reach aiable habitat patch, sparsmst plantsnay serve as stepping stonetereby the

next generatiomwill have the opportunity to emigte to viable habitatCrossing 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 beestalith the size of source populatidfsy.
2.7d) If an uncolonized habitat patch is very lafg&00 ha), smalsource populationg&10 ha)
may not be abl&o provide enough dispersers to adequately increase density and counter Allee
dynamics. Habitgbatches with partially closed boundar{é68-80% closed canopyhay be
colonized more readily than patches wi0% closed canopyoundaries. Partial closure may
help by constraining dispersal, elevating density, and improving mating success. Ergn if v
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 popudas in expasive habitats (>100 ha) reagh
stochastic low(<500 peak abundancehe sheer availability of habitat may drive density down

and induce Allee dynamics.
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TABLES

Table 2.1.Regressiomodels explaining decline meproductive vigor por to extirpation of the

fragmented New Hampshite m. samuelipopulation.

A. Dependent Variable: egg yield per female

Model R-Square MSE  AICc  AICc Weight K  Variables in Model
1 0.931 9940 33946 0.000 0562 4 Db;+by
2 0.905 13.805 36.574 2.628 0.151 4 Db;+b
3 0.905 13.812 36.577 2.632 0.151 4 Db;+¢
4 0.899 14.679 37.065 3.119 0.118 4 Db,+e
5 0.833 24.189 41.061 7.115 0.016 4 b,+by
6 0.967 5.922 46.685 12.739 0.001 5 t+b+e
7 0.959 7.377 48.442 14496 0000 5 t+b+h
8 0.956 7.922 49.012 15.066 0.000 5 t+b +byp
9 0.942 10516 51.278 17.332 0.000 5 t+b+by
10 0.940 10.932 51.588 17.643 0.000 5 t+h+e
11 0.985 3.656 96.523 62.578 0.000 6 t+b+b+e
12 0.967 7.896 102.685 68.739 0.000 6 t+b+bg+e
13 0.961 9.526 104.186 70.240 0.000 6 t+b +b+by
14 0.944 13.535 106.996 73.050 0.000 6 t+b+bg+e
B. Dependent Variable: larval yield per female
Model R-Square MSE  AICc AICc Weight K Variables in Model
1 0.737 14.706 37.079 0.000 0.274 4 Db;+by
2 0.727 15.287 37.389 0310 0234 4 t+h
3 0.701 16.710 38.101 1.022 0.164 4 Dby+b
4 0.701 16.718 38.105 1.026 0.164 4 b;+e
5 0.699 16.829 38.158 1.079 0.160 4 b,+e
6 0.904 6.691 47661 10582 0.001 5 t+bh+e
7 0.899 7.052 48.081 11.002 0.001 5 t+b+by
8 0.892 7542 48.619 11540 0.001 5 t+b+b
9 0.879 8.453 49531 12451 0.001 5 t+b+by
10 0.875 8.761 49.817 12.738 0.000 5 t+b+e
11 0.968 3.015 94982 57903 0.000 6 t+b+b+e
12 0.905 8.900 103.642 66.562 0.000 6 t+b+by+e
13 0.899 9.402 104.081 67.002 0.000 6 t+b+b+by
14 0.879 11.268 105.529 68.450 0.000 6 t+b,+bg+e

! variable t= survey year,b peak brood1 count,b peak brood count £= mean of peak
counts, bg= interaction of peak counts. Peak counts were log-transformed.
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Table 2.2 Dependence of migration on demographic factors. The MHiaihszel test was

used to test dependence. The odds that individuals improved their sex rapotertdlly

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 compraitiseir mating success by migrating to

low density plots.

Sex Ratio
Density Improved Biasedx  Odds Ratio  x° Prob. >=x?
Male Decrease 1 33 34 0.0043 36.303QH 1.82x109E
Increase 14 2 16
X 15 35 50
Female Decrease 1 1 2 1 Own 1
Increase 3 3 6
X 4 4 8
Joint  x 19 39 58 0.0432 9.787L 0.0018

MH = Mantel-Haenszet?
H =x?for Breslow-Day test of homogeneity of the odds ratios
E = Exact probability >x?

34



Table 2.3 Dependence of migration on habitat factors. The Mataeinszel 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 Decreaselncrease x Odds Ratis x? Prob. >=x?
Male  Decrease 32 3 35 69.333 28.840%4 1.41x107E
Increase 2 13 15
X 34 16 50
Female Decrease 3 2 5 - OmH 0.1964
Increase 0 3 3
X 3 5 8
Joint  x 37 21 58 78.7083 .0742, 0.7854

MH = Mantel-Haenszet?
H = x? for Breslow-Day test of homogeneity of the odds ratios
E = Exact probability >x?
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Table 2.4 Dependence of migration on interactions between habitat, demagrapthi

landscape factors. The Mantdéhenszel 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 adjacenetngrat.

Pavement
Sex Habitat AbsentPresent x Odds Ratio  X° Prob. >=x*
Male Matrix 6 23 29 0.0435 20.220%,; 8.19x10°%
Hostplant 18 3 21
x 24 26 50
Female Matrix 0 4 4 - TyH .0286
Hostplant 4 0 4
X 4 4 8
Joint X 28 30 58 0.035 1.5753 0.2094

MH = Mantel-Haenszet?
H =x?for Breslow-Day test of homogeneity of the odds ratios
E = Exact probability >x?
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FIGURES
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e | PERENNIS

|| RECAPTURE PLOTS

| Meters

Figure 2.1 Lycaeides melissa samuedisidy area in Albany, NY. Marteleaserecapture plots
were delineated around areas with <60% canopy; roads, paved areas, and areas with >60%
canopy were excluded from the study. The experim@s 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 extirpat@éoncord New Hampshire
metapopulation. Egg and latwaeld per femalevere 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 armmpete with allocation of energy to egg or spermatophore
development. For females, increased search time may constrain selectivity for optimal
oviposition sites, resulting in stdptimal larval foraging and egg development.
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Figure 2.3 Classification of paired plots andanonicalaxes Paired plots with similar

landscape, habitat, and demographic attribiesé€re clustered. The canonicahyis

represents fragmentation (b) and the canoniatlig represents dispersal dysfunction.

Migration occuring among pas of habitatplots (c) was classified as soursenk (moderately

imbalanced immigration and emigratipmetapopulation (balanced immigration and

emigration), or rescu@llee (highly imbalanced immigration and emigratioi®patial 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 classifiedudisdispersal.
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Figure 2.4 Displacement squared {vs. number of moves. The effect of number of moves on
D?was heterogeneous among blocks. The effect was linear at low density (BLOCKDY, and
declined over time at higher densities (BLOCKL@CK?2). 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 25. Preserve design illustratioDpen areaadjacent to pavement (a)llwoperate 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-eagihected host plant
patches interspersed with shémg stone patchesRoad crossings (c) should be perpendicular to
roads with stepping stone patches attracting dispersers to the preserve interior. Ol{thabitat
should be expanded iterativebgnstraining dispersal ardlowing L. m. samuelipopulatons to
colonize progressively.
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Chapter 3
L. M. SAMUELIS LIFE HISTORY EFFECTS ON LAMBDA AND FITNESS

ABSTRACT

| conducted a lifeable simulation analysis (LSAQr the endangered Karner blue butterf
(Lycaeides melissa samuglis orderto evaluateecovery alternatives. & species regulated by
exogenous factors, with nayverlapping generations, or singitage regulatory mechanisnhs,
propose thaa measure of fithnesamphasizinghe reproductive contribution of individuals to

future generationbe wsed to complement elasticitieBor many insects, the timg and rate of
reproduction arenore consequential than survivahd dynamics can be oscillatory or chaotic.

For butterflies reproductive rates may be regulated by larval or adult mechgrasthsuch
mechanisms should be the target of studies intended to optimize population reé@rérym.
samuelis | f o u A.9% obimatrix rephcatés. Uncertain estimates of variance in over
wintering egg survivaand larval survival indicate signiant 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. latovipositing 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 produciioiein

to maximize the growth of depressed populations.

INTRODUCTION

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

(&), life table simulation anal ysi srdgdnSA) has
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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 &41®lills et al. 1999; Caswell 2000;
Wisdom et al. 2000; Morris and Doak 2004). Experimentation with life tables in ecology dates
back to Birchdés study of insect abundance (19
However, LSA has not been applieda 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 butterfliycaeides melissa samuehlsbokov).

LSA provides a dyamic alternative to classical eigenanaly®dslé et al 1999; Wisdom
et al. 2000Caswell 2000Morris and Doak 2004 the distribution of parameters such as
intrinsic rate of increase (&) can be esti mat
comprised of life tables, or matriceSuch studies have focused on elasticities measuring the
proportional contribubns of matri x el ements or their wunde
2000). Distributions estimated from simulated matrices describe the sensitivity of matrix
parameters, such as & or reproductive ywaal ue,
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. samuelisnay benefit
from the utiization of LSA to rank the conservation significance of individual life stages.
samueligs a monophagousvoltine butterfly, requiring its hostplartupinus perenni&., and
a mix of open and partially shaded habitats to support ovipositingetdr foraging (Dirig
1994; Smallidge et al. 1996; Grundel 1998b; Benjamins 2003). Eggs laid BY tredt are

diapausal and ovarinter on plant remains, primarily. perennisandSchizachyrium scoparium
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(Benjamins 2003; Pickens 2004). perenniss dependent on regular disturbance to maintain
high light conditions and exposed bare soil for recruitment (GrigiodeT ramefd 992; Smallidge
et al. 1996, USFWS 2003).

The population dynamics ofanyLepidoptera 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 weathermarsamuelisvere observed
by Savanick (2005) and Pickens (2007). For nersiperatd_epidoptera, anmal climatic
extremes are punctuated by diapausal life stages. Superimpeaswlgrbsm on the annual life
cycle graph foL.. m. samuelisadds complexity to the stage projection matrix. Pick2a87)
found that different population growth rates chéeazed each of the brood#$f such life history
complexities can be simplified without misrepresentation of important population processes,
LSA holds promise for planning the conservation of specied.like. samuelis.

The applicability of LSA to coresvation 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
f a c t glocakesiimate 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
(Caswel | 2001) . Underl ying tthieomprfeimi ses 4 hiag |
theorem providing a quant it ameasuee ofgpepolaioni ¢ | ust
fitness in a deterministic environment (Lande 1982a,b). In order to interpret the implications of
elasticity for conservationofapartul ar species, It I s necessary

with respect to that species life history.
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Landeds theorem assumes first, that select
equilibrium sooner than selection does, and second, that geretyponment interactions are
inconsequential, i.e., the environment is constant or not regulatory. These assumptions may be
more or less appropriate for species with dapping generations or endogenous regulation, but
do not apply to a wide class gfbeciesncludingL. m. samuelis

Ectotherms, inluding many butterfligsare 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 ragef species witmon-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 stagmther 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 exampleTaylor (1979) observed the extreme rarity of convergence tettide 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 t owadoder manyagenerations yuly indicatesi | e o
trends in growth rate, such trends may have little bearing on the mechanisms regulating

popul ation growth for insects. Giesel (1976)
always implies persistence, argterated the significance of reproductive timing as an

evolutionary strategy.

In preliminary simulations conducted during the development of a matrix modelrfar
samuelis t he variance of & was high, andnndandi ces

fluctuations (Savanick 2005; Pickens 2007). For environmentally sensitive species with non
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overlapping generations and minimally overlapping life stagesl_like. samuelistemporally

discrete selective processes are likely tegampt any oppounity to achieve demographic

equilibria. For s uc h s ipdecate trergls, bubit mamat e a revantindicator of

population fitness For many species, especially insects, individual reproduction may be more
consequential than the net effects of survival. It follows that a meastre fithess of life

stages is a desirable complement to & el astic

Reproductiveralues (RV), since they in part measure the contribution of life stages to
future population growth, give weight to the importance of individuabidyuctive success over
transient conditions. The concept of reproductive value, first introduced by Fischer (1930), is
given by the left eigenvector;vand provided that a matrix contain no loops that are entirely
disjoint with any pair of life stagess a suitable measure of the fitness of a life stage (Caswell
2001). L. m. samuelisnd a large class of species with similar life history characteristics meet
this requirement.

Reproductive value, for insects with transient dynamics, is of particuéest at the
extremes of @&, since, as Taylor observed (197
variance in reproductive rate, that move populations toward stability. To the extent that larval
vs. adult butterfly foraging strategies influenibe 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 Tayl or s
over survival in insegbopulation 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 ko m.samuelidecline, 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 Markharc@6@%;and
Leduc 1995; Bradlegt 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 @d 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 obijective is to simulate stochastic and trenchantspires and rank whidh m.
samuelid i fe stages, as indicated by the distribut
population growth, and which have the greatest potential to rescue depressed populations, as
indicated by o and repr oduc teilife stagesark of mterest, | n t h
particularly underlying vital rates that represent reproductive traitspvipgsition ratevs. vital
rates that represent the adult survival process, i.e., duration of ovipositing. My hypotheses are:
1) i s f r engdhasmataigevariarmevating theisk of local extinction
2) i s highl y-wintrmgdagd survival, pptentiatyw\c@empounded by
changing seasonal exposure to environmental conditions;
3> is highly sensiti v atentfemales)potentialhal of r epr
compounded by changing weather patterns;
4) Fitness (RV) of females in the first brood is highestauseurviving offspring are
multiplied by reproduction in the second brood, before prolonged exposure during

overwintering diapase;
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5) The fitness ot.. m. samueliseproductive traits alternates with age across extremes in
selective pressudein a depressed state, fitness is gained by ovipositing abundantly
immediately after eclosis, and in optimal conditions, fitness is gainedtEp
abundantly through senescence.

My fifth hypothesiss based oran evolutionary demographic extension of butterfly foraging
theory. In soméepidopterarspecies, early egg production has been fueled by larval foraging,
while later reproduction is @led 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 &f m. samueliss an example of disruptive selection (Thoday and
Gibson 1962 for foraging and energy allocation strategies. In the contdxtmmf samuelis
conservation, my fifth hypothesis, if true, provides a theoretical link between population viability

and the efficacy of management to optimize larval hostplant qwalihectaring habitat.

METHODS
Stage matrix population model

In this section, | describe tthe m. samuelisfe cycle graph Fig. 3.1) and data used to
estimate vital rates (Table 3.1). In the following section, estimation of matrix elements is
describe. TheL. m. samueliéife cycle is characterized by two naverlapping generations, or
broods, superimposed by one annual cycle. | incorporated both broods in one graph, with an
implicit projection interval of one year. Eggs laid by the first brogdj2enode 6;ig. 3.1) are
nontdiapausal, hatching after approximately 4.1 days (Bidwell 1995), however, eggs laid by the
second brood (egghode 1Fig. 3.1) overwinter and are diapausal. Therefore, as modeled, the

life cycle begins with diapausal eg@ggl). The diapausal egg phase is a necessary model
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stage. Itis 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 condgiomay vary substantially during
the lifespan of an individual. | modeled adult females in three reproductive stages for each
brood. The latent stagéfem1 and fem4nodes3 and 8 Fig. 3.1), immediately following
eclosis from the pupal stage, is chaeaeed 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 ratgl Jor later stages. Herms et al. (1996) observed initiation of oviposition
after 23 days with 116 eggs oviposited per female over 5 days, or-B.par day after
initiation. 1 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 peaktage (fem2 and fem®odes 4 and 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 peakascest
stages is the product of ovipositing duratien &)d dailyoviposition ratgU ,)where duration is
a function of 2day survival intervalsftem). | assume that mean survival andposition rateare
constant across broods, but vital rates wanelomized for each stage. The constant mean is a
conservative assumption since 1) anecdotal captive breeding observations support higher brood1
fecundities and rightkewed agepecific fecundities, and 2) weather effects on ovipositing and
survival arehighly stochastic.

The senescent stage (fem3 and fenddles 5 and 1®ig. 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 energeticsnof samuelisresupported 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, | combined larvae and pupae, resulting in one larval stage for each
brood (larl and larzhodes 2 and Fig. 3.1). The larval stage is characterized by survival to
eclosis(lieciosg, through larval parasitisngdrg, and through larval predatiog,¢g. In the larval
transition to adulthood, sex ratio (female proportdf)rand mating succesg ) are applied, with
the result that only mated female adults are modeled.

Datasources for all vitatates are shown in Table 3.1, and data are provided in Appendix
4. | categorized vital rates as either demographic or survival process rates; process vital rates
include environmental and temporal variation and an undefined mixar§@nd uncertainty.
Demographic vital rates, including female proportidn)€gg hatch ratdifacr), rate of larval
eclosis (ieciosd, and dailyoviposition ratgl ,)were obtained from data on 70 cohorts reared from
wild females that were removed from 3 populatiovian( Luven 1993, 1994, 1995, 1996;
Savignano 1992 iUCN 1992; Peteroy 1997; Tolson 1999Taking the cohort mean of total
eggs laid over days (to correct for undocumented and/or unobserved tails in the distribution)
weighted by sample size (days observady,the mean dailpviposition raten captivity.

Mating succesg, was estimated by the proportion of females that produced cohorts in captivity,
not including individuals assumed to be senescent. | assume that the distributions of
demographic rates were equivalent for both broods.

| cal cul a toeralation eoafliciensri{Sblsal and Rolff 1995) for demographic
vital rates, but finding the strongest correlation between daifosition rateand egg hatch rate

at r=-0.153, | opted to ignore withtnohort correlation. Making a realistic assumptadrout the
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correlation between larval nutrition and egg production in the next cohort, but lacking data, |
modeled the level of correlation between rate of larval eclosiswpdsition rate | made a
simple linear adjustment to random ovipositing degidi@sed on larval survival deviates,
resulting in correlation r= 0.26To isolate demographic variation, | assumed the binomial
distribution forfemale proportion, egg hatch rate, and larval ecltisesPoisson distribution for
daily oviposition rateard estimated demographic variance accordingkoakaya (2002).

Vital rates describing the survival process were obtained from separate studies, not
allowing estimation of cavariance. Spoor and Nickles (1994) studied the survival of eggs
through exposurduring the fall 6egq) ., 1 Nncl udi ng predation and #fAl o
| assume the effect of exposure is linear, and applied Spoor and Nickles data to the brief period
of summer egg exposuredy). Savignano (1990) documented survival tiglolarval
parasitism §ara1, in reared wild larvae and studied survival through larval mortality due to ant
predationin situover 3 yearsgyeq, only partially controlling for other environmental influences
by protecting larvae on potted plants frexposure 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. | assume that the uncertainty contained in egg and larval
mortality studiesaptures the unknown general effects of environmental variation, and leads to
conservative estimates of matrix parameters.

| used markreleaserecapture data from Chapter 2 to estimate survival of adults.

Survival ratesvere estimated in POPABI (Arnasoret al. 1998) using the Joligeber full
model. Following the design precautions and recommendations for parameter estimation of
Arnason (1998), | e st ijrfoa2daydpootedhietervale dnmalids ur vi v al

estimates (coefficient of variaic> 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

geametric mean Zlay adult survival rate/as tested against survival estimated for females, and

i s assumed

equi val e ngdybut mrovided better varfamcenestimatiorsdue v i v a

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 | used for simulating stage matrix population models generally follows

Wisdom et al. (200):

1) I generated randomized sets of vital rates (Table 3.2), with aappsition ratedrawn

from the lognorm |

distribution.

di stributi on

and

aplobabildyt h e r

2) Randomly selected vital rates (Table 3.2) were used to calculate matrix elements of

survival probability and fecundity (P and Fkig. 3.1, following the notation of Caswell,

2001), given by the stagsased matrix population model:
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3= (Bl DG)/ (B (3.1)
I is the I ength of the s wuéigforgygahdé igfdrer v al (
32,4
3) The processvas executed 2500 times, resulting in 2500 replicates of matrix elements and
vital rates forL.. m. samuelis
4) > and/ or RV were calculated at the stable
estimate classical elasticity since the underlying imivity of the model yields
unsatisfactorily equivalent elasticity values for all egg and larval stages. Hence, |
measured the frequency distribution of & (
vital rates, and t heanabogue fordhe sonventional measurei s a
of elasticity.
5) Data across replicates were analyzed to estimate effects of vital rates and matrix elements
on & and reproductive value.
Steps 1 through 5 were repeated for all simulations, with differences inebgmseand
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 elasticitg.gf 3 ) Exper i ment al pertur
rates.
Simulation series 1. Estimation of constant matrix elements
Generating the distributions of & and RV w
constant values for the remaining matrix elemerds, transition probabilities (PR8) and
fecundities (FAF6). | 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, |
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allowed all vital ates their full (retrospective) variation and means as estimated from the data.
Hereatfter, | 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 constémt the second series, in which |
estimate & with respect to variation in speci
generated under full wvariation serve a greate
expected distributin forL. m. samuelibased on the full retrospective range of variation. |
calcul ated & for each replicate, and to summa

summary statistics for the estrapicafitlence intartai o n . I

for & by estimating the upper 97.5 and | ower
<1, a useful index of the skewness of the @&
growth.

In the following 4 simulatios, | grouped vital rates by demography vs. survival process
and means in each group were held constant dtstandard deviation (best/worst case). The
remaining vital rates were randomized, and the simulation procedure was repeated for each. The
best and worstcase 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, | refer to #hresulting matrices as best demography, worst demography, best
process, and worst process. The elements in theMoest matrices serve as constants for the
third series of simulations, in which | estim
pertue d mean vital rates. Once again, the matr|

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 tiheatropk of protracted
conditions, such as climate change or isolation.
Simul ation series 2: Retrospective and poten

In the second series of simulatiohask which matrix elements and vital rates contribute
most to negativpopulation growth. Matrix elements were held constatording to the full
matrix, and simulated he di stri buti ons of & and RV with r
randomizing the vital rates underlying each element in Step 1lreffospective variation,
analogous to classical sensitivity, each element was randoagzedling tdhe observed
variance in the underlying vital rate datdor potential variationanalogous to classical
elasticity, each element was randomized at CV=.1, .2, .3, &.g.5as a proportion of the mean
elementr underlying vital rates Elements that are autorrelated because of intdependent
vital rates were allowed to e@ry only with respect tthedependent vital rates.

Specifically, Bcundities fol.. m. samueligre afunctionob vi posi t i napd dur at i
oviposition ratg U Therefore thedistributiono f & wi t h r epsolpabilityt(P3tPd, s ur vi
P7, P8)n the reproductivadultstages includes the effect of lifesgane¢ ), a function of
survival, on fecundity(F2 F3, F5,F6)El ast i ci ty of & with respect
variation inoviposition ratg U With constansurvival (¢ ¢) andlifespan( 3 purvival for
senescerfemales (fem3, fem6) is not explicitly represented in the mainice 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 lieptes, | calculated easures of thedispr si on of @&

for each element, as described abo%e0 mpar i son across the statist.i
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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 hgrematrix elementFor comparison, |
calculated classical elasticities from fia# matrix, but do not discuss it any further because it
does not adequately satisfy awtarrelated elements the norlinearity of large perturbationd
reportthebivai at e responses of & and RV in conjunct.
described below, in which | evaluate the implicatioheatural selection for improving
population growth under depressed conditions.
Simulation series 3: Experimental pertbation of mean vital rates

In the third series of simulationsask which elements and vital rates contribute most to
positivepopulationgrowth. First, | set up a series of simulation experiments in which the matrix
elements were set to a depressatustquo condition, and then iteratively released groups of
vital rates from depressio.o simulate an environmentally depressed condition, | used the
worst process matrix as the invariant status quo. To estimate gjastioitf ~ @ajely alloned p a
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 gased by%. To simulate survival release, ## increase
wasover the status quo worst process conditiorlaftandard deviation for process vital rates.
To simulate fecundity releasayiposition ratevas increased b§% over the raw estimatd.
report the full frequency distrbut i on of & for each matrix el e mg
vital rates.

Next, | ask how fit reproductive vital rates are across life stages and extremes in natural

selection. |l set up two simulati adRV@xepser i men
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