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Abstract:

The Boloria improba species group consists of a series of populations of a common biennial arctic
butterfly, the northern dingy fritillary (B. improba), which extends from arctic Canada and Alaska
down the Rocky Mountain Cordillera with populations in British Columbia, Alberta, and Wyoming.
The closely related Uncompahgre fritillary (Boloria acrocnema), known from only two colonies high in
the San Juan Mountains of Colorado, occupies the southern end of this distribution.
Capture-mark-release (CMR) estimates in 1987 revealed a steep decline in B. acrocnema numbers from
earlier estimates at one site and the absence of the butterfly at the other.

CMR and transect count estimates in 1988 indicate that both even-year broods consisted of
approximately 250 individuals, a decline of about one order of magnitude from estimates made earlier
in the decade.

Eight B. improba group populations were sampled from the Yukon Territory to Colorado and 20
presumptive allozyme loci were assayed from them. Boloria titania were sampled from five B. improba
group sites and 18 presumptive loci were assayed from each for comparison. The allozyme data
suggest within colony structuring and low levels of gene flow between colonies. Significant negative
correlations were found between estimates of allozyme variation and latitude, an indicator of
geographical isolation in the B. improba group, that were not found in B. titania. Genetic identity
estimates and the geographical distribution of individual alleles suggest that ancestral B. improba
existed in Alaskan refugia and south of the major glaciers during the last glacial maximum and that
central Canadian B. improba were derived from northern dispersers when the glaciers receded. Results
from B. titania concur with this hypothesis.

A principal components analysis of six habitat variables suggests that B. acrocnema may have
specialized habitat requirements relative to the rest of the group. A phenetic analysis of 12 wing
characters and allozyme results indicate that B. acrocnema is probably a well differentiated subspecies
of B. improba rather than a full species. Finally, the results of this study were used to make
conservation recommendations for B. acrocnema and to draw some general conclusions about the
extinction process.



THE CONSERVATION BIOLOGY OF THE UNCOMPAHGRE FRITILLARY

AND THE RELATED NORTHERN DINGY FRITILLARY

by

Hugh Bryan Britten

A thesis submitted in partial fulfillment
of the requirements for the degree

of
Doctor of Philosophy
in

- Biological Sciences

MONTANA STATE UNIVERSITY
Bozeman, Montana

June 1991




.

2 /]'])
| 53 %
<ol

APPROVAL
of a thesis submitted by

Hugh Bryan Britten

This thesis has been read by each member of the thesis
committee and has been found to be satisfactory regarding
content, English usage, format, citations, bibliographic
style, and consistency, and is ready for submission to the

College of Graduate Studies.
] <« * 3 v
égaiigi;;ijffﬂ\

/w/
o= C alrperson, Graduate Committee

A//% LB /étj/}bmﬂf)

D te Co-Chairperson, Graduate Commlttee

Approved for the Department of Biology

[ ;,/ K11/
4 Jone (99 Klind > P oz
Date Head, Department of Biology

Approved for the College of Graduate Studies

54 / . i
sl ST s A ]

§<>

o<

§
ate Graduate Dean




iii

STATEMENT OF PERMISSION TO USE

In presenting this thesis in partial fulfillment fof a
ddctoral degree at Montana State University, I agree that
the Library shall make it available to borrowers under the
rules of the Librar&. I further agree that copying of this
. thesis is allowable only for scholarly purposes, consistent
with "fair ﬁse" as prescribed in the U.S. Copyright Law.
Requests for extensive éopying or.reproduction of this
fhesis should be referfed to University Microfilms
International, 300 North Zeeb Road, Ann Arbor, Michigan
48106, to whom I have granted "the exclusive right to
reproduce and distribute copies of the dissertation in and
from microfilm_and the right td reproduce by abstract in

any format.

Slgnature Q#&A&&Z{ 6344j&%iﬁ

Date SSU\/\Q_ \CLOL(




ACKNOWLEDGMENTS

I wish to exéress my appreciationltb Dr. Peter
Brussard for initiating this study and for his guidance and
encouragement. I also thank Dr. David Cameron for his many
stimulating ideas, encouragement, and friendship. I ém
indebted to Drs. Katherine Hansen, Michael Ivie, and Lynn
Irby who .served on my committee and offered many helpful
suggestions. . J. Cummins/ J. Davis, S. Giannini, C. Lohss,
and C. Nichéls assisted me in the field. D. Gustafson
generously assisted ﬁe with staﬁistical analyses and wofd
p;oceSsing. The U.S. Forest Service, U.S. Bureau of Land
Management, U.S. Fish and Wildlife Service, the National
Geogréphic Society, and the Center for Conservation Biology
provided funding for this stddy. ~The Montana State
University Center for ﬁigh Elevation Studies provided
personal support during the final year of this work.

Finally, I wish to thank my friends in the Biology, and
Fish and Wildlife Management programs for many hours of
good company at work and play; they added much to my

éxperience at Montana State University.




©vi

TABLE OF CONTENTS

LIST OF TABLES. . .cvveueenneennn N
LIST OF FIGURES . ... tuiuttninnentnuannnrnsouoneanennonnn
ABSTRACT. .+ .v..... T
INTRODUCTION. ........ e e -,;..1 ..... .
STUDY AREAs...}...;........; ...........................
'METHODS . .......... et e e P ..

Population Trends..... ettt e
Population GenetiCsS. .. v v ittt sornrsononssssscssss
Habitat Analysis........... R
Phenetic MeasurementsS........oeeeeeesness e e e ee e

RESULTS . e v evvnnnnn.. ot ettt ettt e et e e,

Population Trends.......cciveereernsscssosssssnnne
1987 Population Estimates......... e e e e aea .
1988 Population Estimates......eeevvveeeesonsos
1989 Population Estimates...... et et e sy

Population GenetiCs. ...ttt reneneansonnonsssans
Boloria Iimproba GIOUP. .. ...eeesesesssenncasanas
Boloria titania.......eeeeeuvens et e

Habitat......... .. o, I

DISCUSSION. .ottt titnenonecnonnnns et e e

POPULAtion TrendS . . vve et eeneenenneneeneenesnnnnns
GENELICS .ttt ittt ittt eiieneeonneeeeeaseannnsennns
Allozyme Variability and Conservation Biology..
Within Colony Structure.........eeeevesonness Cee

Relative Variability.....ciiiiiiiiiiiniiinennns
Population HeterozygoSity.....ueouveervunueennnns
, Historical Biogeography....c.eeeeeeeeteenneanns
Habitat. . oottt i i ittt eineeannenn




vii

TABLE OF CONTENTS, Contihued

SUMMARY AND CONCLUSIONS..... [P

LITERATURE CITED




1.

9.

viii

LIST OF TABLES

" Table

Sample sizes and alleles frequencies at
polymorphic allozyme loci in eight B. improba
group populations. ' Sample sites are: A--=Haines
Junction, YT, B--Montana Mountain, YT,

C--Pink Mountain, BC, D--Mount Hamell, AB,
E--Prospect Mountain, AB, F--Bears Ears, WY,
G--Goat Flat, WY, and H--Red Cloud Peak, CO.

Sample sizes- and allele frequencies at :
polymorphic allozyme loci in five B. titania
populations. Sample sites are: A--Haines
Junction, YT, B--Pink Mountain, BC, C--Prospect
Mountain, AB, D--Uncompahgre Peak, CO,

and E--Red Cloud Peak, CO. ...ttt neonnoenonnns

Loci and electrophoretic conditions used to assay
B. improba group and B. titania populations.

Wing characters measured from B. bellona and

B. improba group populations. ..........0.000....

Sex ratio and proportion of fresh B. acrocnema

captured Red Cloud Peak, CO in 1987. ...........

Sex ratio and proportion of fresh B. acrocnema

captured at Red Cloud Peak, CO in 1988. ........

Estimates of genetic variability at 20 allozyme
loci in eight B. improba group populations

(standard errors in parentheses). ..............

Hierarchical F-statistics among B. improba
group populations. See text for a description

of the hierarchy. ..... ittt iiiennnnns

Unbiased genetic distances (Nei, 1978) above"

diagonal and genetic identities (Nei, 1978)
below diagonal among eight sampled B. improba

group populatlons ..............................

Page

.20

22

.26




10.

11.

12.

13.

14.

15.

ix

LIST OF TABLES, Continued

Estimates of 'genetic variability in five B.
titania populations. (Standard errors
in parentheses). .......iii00... R R R

Unbiased genetic distances (Nei, 1978) above
diagonal and genetic identities (Nei, 1978)
below diagonal for five B. titania
populations. ...ttt et een .o

Habitat variables measured at 12 occupied B.
improba group colony sites. Site designations
are: l--Haines Junction, YT, 2--Montana Mountain,
YT, 3--Pink Mountain, BC, 4--Mount Hamell, AB,
5--Prospect Mountain, AB, 6--Bears Ears, WY,
7--Goat Flat, WY, 8--Red Cloud Peak, CO,
9--Uncompahgre Peak, CO, 1l0--Uncompahgre Peak
site 2, CO, 11--Alpine Gulch, CO, and '
12--Baldy Chato, CO. ...ttt iiterenenonnnonnaass

PCA results using six habitat variables from 12
occupied B. improba dgroup colony sites. ........

Results of PCA on wing characters measured from
B. bellona and B. improba group specimens
excluding B.i. harryi. ...eeeeeeeeeinestcancsans

‘Results of PCA on wing characters measured from
B. bellona and B. improba group specimens. .....

60




LIST OF FIGURES

Figure ‘ ) Page

1.

The western North American range of Boloria
improba and B. acrocnema (after Scott, 1986)
and sample sSiteS. ..ttt ittt iat et 7

Number of B. acrocnema handled each day of the
1987 capture-mark-release (CMR) study at Red
Cloud Peak, CO. ..ttt rtososesasesnsonconsansoans 35

Transect counts, numbers handled each day of
' capture-mark-release (CMR) study, and population
size estimates of B. acrocnema at Red Cloud
Peak, CO. during the 1988 flight season. ......... 39

'Transect counts (bars) and population size

estimates (line) of B. acrocnema at Uncompahgre
Peak, CO during the 1988 flight season. ......... 42

UPGMA phenogram based on unbiased genetic
identities (Nei, 1978) for B. improba group
populations. Cophenetic correlation
coefficient =.737. ...... .. ... e e e ss e ceees 51

Circle diagram with numbers of unique regional
alleles and alleles shared by pairs of regions
in eight B. improba group colonies. ............ .52

UPGMA phenogram based on unbiased genetic
identities (Nei, 1978) for five B. titania
populations. Cophenetic correlation ]
coefficient =.997. ... . ittt iinnnnn e 56

Circle diagram with numbers of unique regional
alleles and alleles shared by pairs of regions
in five B. titania colonies. ............ ceeaene 57

PCA plot of six habitat variables measured at 12
occupied B. improba group colony sites.
Regional designations are: A--northern,
B--central, and C--southern. Occupied
B. acrocnema sites are circled. ......ccivierveenn 61




xXi

LIST OF FIGURES, Continued

10. PCA plot of 12 wing characters measured from 19
B. improba group individuals -excluding B.1i.
harryi, and six B. bellona specimens. Letter
designations are: A--northern B. improba,
B--central B. improba, C--B. acrocnema,
and D--B. bellona. ....ciiceeesos e et e e 65

11. PCA plot of 12 wing characters measured from 25
B. improba. group individuals and six B. bellona
specimens. Letter designations are: A--northern
B. improba, B--central B. improba, C--B.
acrocnema, D--B. bellona, and E--B.i. harryi. ..67

12. The ice-free corridor in western North America

12,000 to 10,000 years B.P. (after Flint, 1971)
and sample sitesS. ....c.ttiitrerrrrt et cssnaanns 101

P




xii

ABSTRACT

The Boloria improba species group consists of a
series of populations of a common biennial arctic
butterfly, the northern dingy fritillary (B. improba),
which extends from arctic Canada and Alaska down the Rocky
Mountain Cordillera with populations in British Columbia,
Alberta, and Wyoming. The closely related Uncompahgre
fritillary (Boloria acrocnema), known from only two
colonies high in the San Juan Mountains of Colorado,
occupies the southern end of this distribution. Capture-
mark-release (CMR) estimates in 1987 revealed a steep
decline in ‘B. acrocnema numbers from earlier estimates at
one site and the absence of the butterfly at the other.

CMR and transect count estimates in 1988 indicate that both
even-year broods consisted of approximately 250
individuals, a decline of about one order of magnitude from
estimates made earlier in the decade.

Eight B. improba group populations were sampled from
the Yukon Territory to Colorado and 20 presumptive allozyme
loci were assayed from them. Boloria titania were sampled
from five B. improba group sites and 18 presumptive loci
were assayed from each for comparison. The allozyme data
suggest within colony structuring and low levels of gene
flow between colonies. Significant negative correlations
were found between estimates of allozyme variation and
latitude, an indicator of geographical isolation in the B.
improba group, that were not found in B. titania. Genetic
identity estimates and the geographical distribution of
individual alleles suggest that ancestral B. improba
existed in Alaskan refugia and south of the major glaciers
during the last glacial maximum and that central Canadian
B. improba were derived from northern dispersers when the
glaciers receded. Results from B. titania concur with this
hypothesis. .

A principal components analysis of six habitat
variables suggests that B. acrocnema may have specialized
habitat requirements relative to the rest of the group. A
phenetic analysis of 12 wing characters and allozyme
results indicate that B. acrocnema is probably a well
differentiated subspecies of B. improba rather than a full
species. Finally, the results of this study were used to
make conservation recommendations for B. acrocnema and to
draw some general conclusions about the extinction process.




INTRODUCTION

The Uncompahgre fritilléry (Boloria acrocnemé)_was
discovered on’'a high alpine meadow neér Uncompahgre Peak, .
Hindsdale Co., CO, in quly 1978 (Gail and Sperling, 1980).
A second major cblony was discovered near Réd Cioud Peak,
16 km soqth of the type locality, in 1982. ﬁo other
colonies have been located since these initial discovéries;
thus B. acrocnema is assumed'to have the smallest total
range of any North American butterfly (Opler, 1990).

Population estimates carried out in 1979 and 1980 at
Uncompahgre Peak (Gall, 1984a) and subsequent anecdotal
accounts indicated thét populations at both B. acrocnema
locations were declining rapidly. Because of its
apparently precarious position, the U.S. Fish and Wildlife
Service (USFWS) was petitioned to list B. acrocnema under
vthe U.S. Endangered Species Act in 1984. 1In conjunction

with the USFWS, the U.S. Forest Service (USFS), which has
jurisdiction over the Uncompahgre Peak B. acrocnema site,
and the U.S. Bureau of Land Management (BLM), which manages
the Red Cloud Peak colony site, began efforts to deﬁermine
the causes of the butterfly’s decline and to formulate a
.management plan to mitigate their effects. This effort
took . two years, 1987 and 1988, and resulted in a

comprehensive report that addressed the problem of




‘declining B. acrocnema. numbers and made several

recommendations for the conservation_ofAthe butterfly

‘(Brussard and Britten,.1989)

The plight of B. acrocnema provides an opportunity to
observe a potential natural extinction as it is occurring.
Since very little is known about extinction (Ehrlich,
1983), the study of B. acroénema'may provide valuable
insights into this'pr0cess.

'Current theories about extinction come from population
viability analysis (PVA) which is a sﬁbfield of
conservation biology concerned with predicting the
pers;stence of populations and species. Two general types
of processes are recognized as being importént in
extinctions: 1) deterministic, and 2) stochastic (Bruss;fd,
1986). Deterministic¢ processes have éenerally‘predictable
outcomes and operate systematically (Brussard, 1986).
These types of exfinctioﬁs are often caused by human
activities; for e#ample, the black-fboted ferret (Mustela
nigripes) was eliminated from most of its historic range
becaﬁse its:habitat énd food requirements were in conflict
with the domestic livestock industry.

Stochastic processes are critical to the survival of
small populations, and they operate at two levels
(Brussard, 1986; Pimm et al., 1988; and Shaffer, 1987).
First, populatioh-wide reproduction and survival can be

affected by uﬁpredictable environmental ‘change or




catastrophes. Second, random variations in individual
sﬁrvi&al and.réproduction-can affect tﬁe persiétence of
very small popﬁlations. ‘In addition, population structure
and random genetic pfocesses can play roles in the survival
of small populations. |

Genetic studies of extinction-prone species have
mostly been confined to large mammals (e.gT Bonnell and
Selander} 1973; Kilpatrick et al., 1986; and O’'Brien et
al., 1985); The probability of extinciion is thought‘to bé
increaséd by the expression of deleterious alleles brought
on by ihbreeding (inbreeding depression) and the réndom
loss of alleles through drift (e.g. Brussard, 1986; and _
' O’Brien, '1985). Some speciés, like the cheetah (Acinomyx
jubatus; O'Brien et al., 1985) and elephant seal (Hirounga
angustirostris; Bonnell and Selander, 1973), have recovered
from“major bottlenecks and persist with very little
detectable genetic variability. In contrast, other
species, such as the black-footed ferret, are evidently
very depauperate genetically (although.few lpci were
assayed) and are near extinction‘iq the wild (Kilpatrick et
al., 1986). Thus, the e#act nature of the interactions
between genetic, demographic, and environmental processes
are not known but are thought to be‘important to‘speqies
éurvival‘(Brussard, 1986; Gilpin and Soule’, 1986; and
Shaffer, 1987). The general consensus.appeafs to be that

environmental and demographic uncertainties can pose




immediate threats to the sufvivél of small popqlations

' while genetic factors may Ee moré critical to long-term
'adaptaﬁility and persistence (Bonnell and Selander, 1973;
O’Brien et al., 1985; and Shaffef, 1987).

Insect populatlon declines and extinctions have been
attrlbuted to several factors 1nclud1ng habitat loss and
fragmentation,'unusualfclimatic conditions, and random
genetic processes (Ehrlich, 1983; Pyle et al., 1981; and
Thomas, 1983). Although loss of habitat as a result of
human activities is considered an importaﬁt cause oﬁ insect
(particulafly butterfly) extinctions, other activities.
e.g., pesticide spraying and collecfiﬁg.are not (Ehr;ich et
al., 1983; Pyle et al., 1981; and Thomas, 1983). Several
butterfly distributionlchanges and‘extirpations have been
attributed to local climatic change (Ehrlich, 1983; Ehrlich
et al., 1980; Gilbert and Singer, 1975; Pyle et al.}:1981;
and Thomas, 1988); Severe drought probably caused
population declines and,eXtirpations in two species of
Euphydryas in California during the mid-1970’s (Ehrlich et
al., 1980). Drought apparéntly had a similar effect on
many butterfly'species in nqrthwestern-Eﬁropé in 1976 and
1977 (Thomas,‘l988). Gilbert and Singer (1975) and Thomas
(1988) érovide other examples of butterfly extirpations
' that were probably induced by unusual'wéathér.

The mechanisms by which climate changes reduce

populations are probably species-specific and are not

A}
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thoroughly understood, but Gilbert and Sinééf (1975) note
vthét bgfterfly febuﬁdity, estimated froﬁ.daily egg
production, is reduced in some species dﬁring unusually
cold weather. 1In addition, Ehrlich et al.'(1980)vfound
that a dfought disrupted the complex pheﬁological balance
" between Eupﬁydryas ssp. populations and their host plants.

Ehrlich (1983) states two tentétivé conclusions
concerning the.genetics of butterfly extinctions. First,
inbreeding depreséion seems to have little éffect on
“butterfly pogulatidn persistence because once populations
are small enough for it to be a factor they usually go
extinét for demographic reasons (Ehrlich, 1983). Second;
butterfly populations appear to be so precisely genetically
adapted to their habitats thét artificial reintrdductions
seldom sﬁcceed (Ehrlich, 1583). Thus it appears, as is
apparently the case in larger bodied species, .that
demographic and environmental processes are probably most
important to short-term species Survival and random genetic
processes to long-term_persistenée.

Gall and Sperling (i980) described B. acrocnema as a
sister species of a common arcfic butterfly, the northern
dingy fritillary (Boloria improba). ‘Other authors (e.g.
Scott, 1986) consider B. acrocnema a subspecies of B.
;mpfoba. -Although the taxonomic status of B. acrocnema has
not been resolved, its'ciose relationship to B. improba ié_

apparent (Gall and Sperling, 1980; Scott, 1986).




Therefore, the entire B.vimpfoba—B, acrocnema clade will
heqceﬁqrth be refered to'aé'the "B. improba group."

The B. improba group in North America consists of a
' differentiated series oOf populations that extends from the
arctic regions'of Canada and Alaska down the Rocky Mountain
Cordillera with known éopulations in British Columbia, |
Alberta, Wyoming, and Colorado (Figure 1). Several
-subspecies have been described within this group. Scott
(1986) recognizes two sﬁbspecies from northern North
America; B. improba improba from the arctic and B. improba
ssp. from west-central Alberta. Ferris (1984) describes
tﬁe disjunct Wyoming subspecies,_B. improa harryi; from the
Wind River Range. Finally, the disjunct B. acrocnema is'at.
the southern terminus of the B. improba group’s
distribﬁtiqn in southwestern Coloradc (Gall and Sperling,
1980) . '

Colonies of B. acrocnema are found on patches of its
larval food plant, snow willow (Salix'nivalis), on.
noftheast.facing sldpes at approximately 4100 m.elevation.
Colony sites are generally mesicias a result of nearby
melting snowfields and have about 15% S. ni?alis ground

_cover.




‘:Mf Hamel, AB
Pnnpuﬁ Mountain, AB

-~
3
\ o Goct Flot &
% % Bears Eaors, WY
Red Gloud Peak, CO
—
500 Kilometers 3

Figure 1. The western North American range of Boloria

improba and B. acrocnema (after Scott, 1986)
and sample sites.
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A single generatien of B. acrocnema flies for about 18
days each year starting in mid- to.lete-July (Scott, 1986).
The latvae require two yeare to develop.(Scett, 1986).
This-results'in odd-year and even-year broods_whieh occupy
the same sites and may function as_essentielly independent
populations eeparated in time. B. acrocnema adults are
extremely sedentary (Gall, lSé4a). In a detailed capture-
mark-release stndy Gall (1984a) estimated that mean adult
movements rarely exceed 50 m in a flight season. Flight
occurs only in full sunlight.. | |

The ecoldgy ef B.'improba is similar to that of B.
acrocneme (Ferris, i984; Ferris et'al.,.1983; and Scott,
'1986). Colonies are found at boggy elpine sites that
support lerge areas of S. nivalis and Salix arctica.
-Northern populations are found at lower elevations than‘
southern ones. Although all populations in fhe clade are
univoltine, they differ in flight times between regions
(Scott, 1986). Canadian B. improba begin flying in late
June to early July while Wyoming populations fly in late
July to early August- (pers. obs.; and Scott, 1986). There
is no eddfyear brood in Alberta (pefs. obs.; and Scott,
1986). |

| The B. improba group'provides several opportunities

for research in the fields of biogeography and conservation
biology. ‘Because populations beeome more geogfaphically

isolated to the south (Figure 1), this clade provides a
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system to investigaté the demégraphy, genetics, and ecology
of increasing allopatry. The information gained from the
study of fhese threé aspects of B. improba group biology
may be applicable to conservation efforts aimed at B.
acrocnema. In order'té ascertain the current status of B.
acrocnema, populations estimates wefe made at both colony
sites in 1987 -and 1988. Concurrently; an'extensivé search
for new colonies was undertaken in the San Juan Mountains
(Brussard and Britten, 1989). Allozyme anadlysis was used
to address a number of questions pertinent to the
conservation of B. acrocnema. Genetic comparisons were
made among samples from the B. improba group in order'to
assess relative levels of genetic variability, population
structuré, and tﬁe potential genetic effects of geographic
isolation. By determining the degree of relatedness among
members of this group and by examining the distributions of
individuél alleles and genetic variability ih genefal, it.
is possible to form hypotheses concerning the history of
the B. improba group during the'last glacial period. In
addition, allozyme data from the B. improba group were
compared to those from the purple bog fritillary (Boloria
_titania), a much more wide-spread and ubiquitous butterfly
whose southern populations are not disjunct in Colorado
(Scott, 1986).

Knowledge of tﬁe habitat requirements of B. acrocnema

will be useful in any management decisions that may be made
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in the future; By compariﬁg the'habitét charaétéristics of
B. improba group colonies it_may be possible to determine
if B. acrocnema is a habitat specialist relative to the
rést of thé group and which colonies are most ecologically
similar to one another. This type of information may also
be valuable iﬁ explaining the decline of B. écrocnema.
Finally, allozyme and morphometfic data (obtained by
measuring wing.characters) were used to help elucidate the
taxonomic status of B. acrocnema.

Therefofe, although the decliné of B. acrocnema will
probably never be completely understood, knowledge of its
demographic, genetic, and ecological characteristics should
iead to a more general understanding of similar declines in
other species. At the very leaét, this information will
aid in the identification of other species ﬁearing

extinction.
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STUDY AREAS

Habitat data were collected from 12 occupied Boloria
imbroba and Boloria acrocnema colony sites distributed from
the Yukon Territory to Colorado. Those from which
butﬁerfly collections were_taken are mapped'in Figure 1.

» Both Yukon Territory.sites are briefly described in
. Ferris et al. (1983). The Haines Junétion site is located
‘at 60° 41' latitude 7.5 km S of Haines Junétion, YT. It is
ét 1370 m elevation with an ENE exposure within an
extensive area of rolling alpine tundra supporting lush
patches of Salix nivalis and Salix érctica in depressions
and mois;.drainage courses. The Montana Mountain site is
located at 60° 09 latitude six km SE of Carcross, YT, on
the_NNW face of Montana Mountain at 1555 meters elevation.
There is standing and running'water on this site, and Salix
wolfii reaches a height of approximately 1.5 meters in
parts of it. =s. nivalis'and S. arctica afe found in areas
not shaded‘by taller sh;gbs. The site is accesible yia
mining roads.

" The Pink Mountain, BC, site is located on the

" western aspect of Pink Mountéin at 1776 m élevqtion; 18 km
‘W of Pink Mountain, BC, at 576 05' latitude. The Pink
Mountain colony éxists in a long, mesic depression with a

lush cover of the larval food plants. This site .is near a
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fire tower, and-there is a dirt road that provides access
to it., Thé‘Mount Hamell, AB, site is located at 53° 55
latitude 10 km NW o% Grande Cache, AB, on a souphern
exposuré of Mount Hamell at 2134 m_elevétion. The Mount
Hamell site is somewhat drier than the others and contains
a large fenced EXClOSufe within which there is a dense
cover of S. nivalis.~'Thére are a few krumholtz conifers on
the site. The road to the fire look-out tower on the peak
of Mount Hamell provides access by foot. The Prospect
Mountain, AB, site is located eight km W of Mountain Park,
AB, at a latitude éf 53° 50'on a NW exposure of Préspect
Mountain at 3525 m elevation. This site is on theAnorth
-side of Prospect Mountain and makes up one side of a steep
‘ravine. jS. nivalis and S. arctica exist in dispersed
patches throughout thé site. Mining roads provide access
by foot. - |

Both Wyoming'B. improba harryi colony sites are
'desc£ibed in Ferris (1984 and 1986). The Goaf Flat site is
‘on a NNW‘éxposure at 3627 m elevation in the Glacier
Primitive Area of the Shoshoﬁe National Forest quated at
43° 19' latitude 24.3 km S of Dubois, WY. It is at the
head of a small drainage which contains a snow field.
There is a small stream flowing through the site. S.
nivalis and S. arcticé are found in é broad band along the
edge of the stream. This site is locatea in one of the

most mesic areas of Goat Flat. The Bears Ears site is on
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an E exposure at 3475 m elevation in the Popo Agie
'Primitive Area of the Shosh&ne National Forest at a
latitude of 42° 50' 34 km E of Lander, WY. It lies in a
broad draw below Mouﬁt Chauvenet. ‘There are intermittent
‘streams fed by melting snow fields up-slope qnd'boggy areas
throughout. . |

B. dcrocnema has been located at five sites in the San

' Juan Mountains of Colorado. Although each of these sites

was investigated thoroﬁghly, butterflies were collected
from Red Cloud Peak only because of thé small numbers found
at the other sites. fhe type locality of B. acrocnema is
located near Uncoﬁpahgre Peak, CO, and is described in Gall
and Sperling (1980). 'The Uncompahgre Peak site has a NE
exposufe and an elevation of 4100 meters; it is 13.4 km WNW
of Lake City, CO, at 38° 07' latitude. A small number of
B. acrocnema were also discovered at a site 2.4 km SE of
the type 1ocality at 3850 meters elevation. This second
site has a NNE exposure. Both of these sites are within
the Big Blue Wilderness Area of the.Uncohpahgre National
Forest. The Red Cloud Peak, CO, site is located near the
top of Red Cloud Peak on a NE exposure at 3890 m elevation
14 km SW of Lake City, CO, at 37° 55' latitude. There are
snow fields within and upslope of this site. Red Cloud
Peak is similar to the type locality. Both sites have
large areas-of continuous S. nivalis cover and dispersed

patches within numerous depressions. The Uncompahgre Peak
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site is rockier than ‘the previously described Red Cloud
Peak site. A small number of B. acrocnema were also
qiécovered at the head of Alpiﬁe Gulch which is two km NE
of .the Red ‘Cloud Peak site. . The Alpine Gulch site has an
elevation of 3831 meters énd‘a NNE exbosure. The Red Cloud
" Peak and Alpine Gulch sites are administered by the Bureau
of Land Management. Finally, a single B. acrocnema
individual was capturea over a géntly sloping patch 6f S..
nivalis below Baldy Chato 31 km E of Lake City, CO, at 380
03" latitude in ﬁhe Uncompahgre National Forest. This site

has a‘NNE ekposﬁre and an elevation of 3930 meters.
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METHODS

Population Trends

‘ Sizes of B. acrocnema pdpulations were estimated at
Red Cloud Peak, CO, in 1987 and 1988 and at Uncompahgre
Peak, CO, in 1988. B. improbé colony sizes Qere.eétimated
at Haines Junction, YT, and Bears Ears, WY, ih‘1989. The
1987 and 1989 estimates were derived from capture;mark— ‘
release (CMRf,data used in Lincoln Index:(Southwood, 1978)
and Jolly-Seber (Gall, 1984b and Southwood, 1978)
calqulatibns. In 1988, dailylpopﬁlatioﬁ size estimates
were made from CMR data used in Lincoln Inaex (Southwood,
1978) estimates and transect counts madé following the
methods of Pollard (1977) and Thomas (1983). In addition,
the total numbers of adults that were present in the B.
écrocnema colonies in 1988 were estimated using Gall's
(1984a) estimate.of tﬁe daily residence fate'(the
proportion of animals from day 1 which remain in the
population on day i+l), which is 0.60, and the sum of the
dgily pépulation estimates. ‘ | |

Captufe éessioﬁs_took place on alternéte days in 1987
and on consecutive days in 1988 and 1989. CMR field work
was done during the daily peak flight period (i.e., 0900 h

to 1400 h) under favorable flight conditions. Two to four
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people participated in capturing butterflies during_each
CMR capture. run. Butterflies were netted and placed, with
wings folded, in glassine envelopes. The envelopes were
kept shaded and dry until the captured butterflies were.
processed. Capture efforts were suspended to allow shading
clouds to pass over the siteT Capture periods lasted f;om
one to three hours and were terminated when no butterflies
were captured for 15 to 20 minutes.

After a capture run was completed butterflies were
marked with individually coded numbers which were placed on
the ventral surfaces of the wings with an indelible ink
marker. The position of each mark corresponded to a digit
in the unique number given to each butterfly (Brussard,
1970). Three pategories of wing wear were recorded: 1)
fresh- unfaded coiors, no loss of scales, and no tearing;
2)_intermediate— colors faded, some loss of scales, no
tearing; 3) worn- colors faded, loss of scales, wing
margins torn. The sex of each butterfly was noted by
examination of the postefior end of the abdomen for valvae
in males and ovipositors in females. Finally, the event
(capture, recapture,-or sacrifice) was recorded for each
butterfly. Animals to be released for subsequent recapture
attempts were placed on unshaded'vegetétion within the
colony site and left undisturbed. The released butterflies
usually basked for 10 to 15 minutes until high enough body

temperatures were attained to allow flight. Some male
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butterflies were sacrificed.during CMR studies for
“inclusion in tﬁe electrophoretic analyses.

K'B. acrocnema populatioﬁ trénds were monitored
‘throughout the 1988 flight season at Uncompahgre Peak, CO,
and Red Cloud Peak, CO, using transect counts (Pollard,
1977 and Thomas, 1983). Transect counts provide relative
estimates of population size while minimizing disturbances
to the butterflieé. Transects were established at the two
sites as early in the 1988 flight season as possible. Each
transect was 100 meteré.long and was placed along
topographic contours within each site through areas of
butterfly concentration. An observer walked at a steady
pace (8-10 minutes/transect) and counted all B. acrocnema
that flew within.five meters of the transect. Counts were
begun between 0900 h and 0930 h each day, and the same
observef was used for each site thrdughout the flight
season. , The observer'only‘walked.during periods of good
- flight conditions (i.e., full sun and minimal winds) and
would Qait until clouds passed overhead of-winds subsided.
Counting could be stopped to allow the observer to resf or
to follow a bﬁtterfly for a positive idenfification, but
counting then resumed at the point where it was stopped.

Their size, weak and low flight, and the dark area
near the base of the wings make B. acrocnema identifiable
by trained personnel at'éonsiderable distances. FEuphydryas

editha may be miStakén‘for B. acrocnema at the beginning of
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the flighf season, but E. editha flies.more strongly and
higher than B. acrocnema. 'Furthermore,iits numbers decline
gréatly as the B. acrocnema flight season progresses.

| In order ﬁo estimate daily population numbers from the
fransect counts taken £hroughout.the the 1988 flight season’
a CMR study was carried out late in the flight season at
Red Cloud Peak, CO. The Lincolnilndex and Jolly—éeber
population estimates derived from the CMR study were then
used to calibrate the daily transect counts from this
colony. Transect counts for each day of the 1988 CMR study
weré.divided by the population estimate to yield an ‘
estimate of the percentage of the population seen during
the transect walk on that day. This percentage was then'
used to extrapolate daily population estimates from all the
transect counts done dﬁring the flight seéson. It was
-assumed that the percentage of butterflies encountered on
transect walks was constant throughout the flight season.
Likewise, daily population estimates ét Uncompahgre Peak,
CO, were extrépoiated from‘transect counts and the
estimated pérceptége of counted butterflies at Red Cloud
Peak, CO. It was assumed that tﬁé same'percehtagé of the
butterfly population counted during transect'walks at Red

Cloud Peak, CO, was counted at Uncompahgre Peak, CO.
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Population Genetics

B. acrocnema were collected from the Red Cloud Peak
site in 1987 and 1988. Only males were taken late in-the
flight season to minimize the effects of collecting on the
demography of the popﬁlation. B. improba were collected
from seven sites in Canada and Wyoming in 1989 and 1990
(Figure 1). _Sampleé,for between-year comparisons were
obtained at the Bears Ears, WY, and the Red Cloud Peak, CO,
‘sites. Sample sizes areygiven in Table 1. 1In addition,
Boloria titania were collected from three of the Canadian
B. improba sites and at both the B. acrocnema sites in
Colorado to provide a basis of comparison with the B.
improba-B. acrocnema clade. Sizes of B. titania
collections are given in Table 2.

Collections were made during favorable flight
conditions (i.e., full sunlight, light winds, and 16-20°C
temperatures). These conditions occured most predictably
between 0900 h and 1400 h each déy. Butterflies were
collected and placed into glassiﬁe envelopes; after
'collebtion the wings were removed and the bodies were
placed in ampules in liquid nitrogen which killed by
freezing. Specimens were stored in an ultra-cold freezer
ét -80°C until they were prepared for electrophoretic

analysis.
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.Sample sizes and alleles frequencies at
polymorphic allozyme loci in eight B. improba
group populations. Sample sites are: A--Haines
Junction, YT, B--Montana Mountain, YT,

C--Pink Mountain, BC, D--Mount Hamell, AB,
E--Prospect Mountain, AB, F--Bears Ears, WY,

- G--Goat Flat, WY, and H--Red Cloud Peak, CO.

North Central South

.980

Region
Colony A B < 0 F 6 H
N 17 50 4 . 2 17 38 28 34
C .588  .400  .926  .341 1.000  .000  .107  .000
D 412 .600 ~ .074  .650  .000 - 1.000- .893  .588
E .000  .000 .000  .000  .000  .000  .000 .412
IDH-1 . : ‘
c 912 ° .980 1.000 1.000 1.000 1.000 1.000 -1.000
D .088 .020  .000  .000 . .000  .000  .000  .000
IDH-2 : . . '
B .000 .052  .000  .000 .000  .000  .000  .000
c .000  .948 1.000 1.000 1.000 1.000 1.000 1.000
GAPDH |
c .000 1.000 .989 1.000 1.000 1.000 1.000 1.000
D .000 ..000 . .01l .000 .000 .000  .000  .000
AAT-1 | -
B .000 .031  .000 .000  .000  .000  .000  .000
c .73 .573  .223  .000  .000 1.000 1.000 1.000
D 233 .323  .585 1.000 1.000  .000  .000  .000
E .033  .073  .191  .000. .000  .000  .000  .000
AAT-2 ) :
D .971  .980  .567 1.000 1.000 1.000 1.000 1.000
E - .029 .020 .433  .000  .000  .000  .000  .000
HBDH | S
A .971 1.000  .989 1.000 1.000 1.000 1.000 1.000
B .029 .000 .01l  .000 .000  .000  .000  .000.
MPI ' |
D .000 .000 .000  .000 .206  .000  .000  .000
E .059  .020  .000 .477  .471  .000  .000 - .000
F -941 1.000  .523  .324 1.000 1.000 1.000
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SoD .
C 1.000
D .000

PGM
E . .059°

- F .941

G6PDH
C .000
D 1.000

PGD

C .029

D .971

E .000
LDH

B 1.000

C .000
GPI

A - .000

B .029

C .824

D .147
MDH-1

B 1.000

c .000
MDH-2

B .000

C .971
D .029

.950
.050

.000
.000

.410

.590

.050
.790

.160°

.000
.000

.000
.130

.830

.040

1.000

.000

.020-

.980
.000

1.000 .

.000

.078
.922

.266
.734
.000
-000

1.000
.000

.000
.000
©.000
1.000
.000

.000
.596

.404 -

.000

.000

.523
.477

.000
.000

.000

.000
.000

.000
.000

.000
.000
.000

.000

.000
.000

.000
.682

318

.000
.000

.912
.088

.000
.000

.000
.000
.000

.000
.000

~000
.000
.000
.000

.000
.000

.000
.000
.000

.000
.000

.000
.000

-.000
.000

.000
.000
.000

.987
.013

.000
.000
.000
.000

.000
.000

.000
.000
.000

.000
.000

.000
.000

.000
.000

.000
.000
.000

.000
.000

.000
.000
.982

.018

.982
.018

.000
.000
.000

.000
000

.000
.000

.000
.000

.000
.000
.000

.000
.000

.074
.926
.000
.000

.000
.000

.000
.000
.000

Specimens were prepared for electrophoresis by

crusﬁing the whole body in a centrifuge tube with 0.2 ml of

cold buffer (0.05 M tris, pH 7.1). They were then

éentrifuged at 12,000 rpm for five minutes. The

supernatant was applied to 14% starch gels using a filter

paper wick.
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Table 2. Sample sizes and allele frequencies at :
polymorphic allozyme loci in five B. titania
populations. Sample sites are: A--Haines

Junction, YT, B--Pink Mountain, BC, C--Prospect
Mountain, AB, D--Uncompahgre Peak, CO, and
E--Red Cloud Peak, CO.

Region North Central - South

Colony A B c ) E
N 59 12 14 69 . 54
AGP . o : |
B .000 .000 .000 .009 .000
c 1.000 1.000 1.000  .982 .981
D .000.  .000 .000 .009 .019
IDH-1 : -
B .578 .083 .000 .016 .019
c .422 917  1:000 .918 .935
D .000 .000 .000 .066 .037
IDH-2 _ o
A .000 .042 .000 .000 .000
B .000 .875 .000 .008  -.009
C  .1.000 .083  1.000 .975  .982
D .000 - .000 . -.000 017 .000
E .000 .000 .000 .000 .009
GAPDH -
c 1.000 1.000 1.000 .943 .945
D .000 .000 .000 .057 .055
AAT-1
B .000 .000 .000 .000 - .009
c .974 .917 1.000 1.000.  .973
D .026 .083 .000 .000 .018
AAT-2
B .000  .917 .000 .008 .009
c 1.000 .083 .964 .992 .964
D .000 .000 .036 .000 .027
PEP-GL - o
C ° .992 1.000. 1.000 1.000 1.000

D - -008 .000 .000 .000 .000
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Table 2, Continued.

MPI , _
B .228 .000 .036 .000 .018
c .439 .083 .929 .968 .927
D .325 .083 .036 .032 .055
E .009 .375 .000 .000 .000
F .000 .458 .000 .000 .000

SOD | | &

A .102 .000  .000 .000 .000
B .000  .000 .000 .032 .009
c .898  1.000 . 1.000 .929 .955
D .000 .000  ..000 .040 .036

PGM ' o
A .081 .000 .000 .000 .000
B .486 .083 .000 .036 .033
C 027 .500 .583 .580 .587
D .081 250 .417 .377 .370
E .000 .167 .000 .007 .011
F .324 .000 .000 .000 .000

.G6PDH : .

B .021 .000 .000 .000 .000
c .021 .042.  .000 .710 .648
D .958 .958  1.000.  .290  .352

PGD :

A .039 .000 .000 .000 .000
B .579 .083 .050  .000 .000
C .053 .000 .000 .710 .855
D .316 ~ .042 .950 .290 .145
E .000 .292 .000 .000 .000
F .013 .583 .000  .000 .000
GPI :
B .092 - .000 .000 .008 .000
c .816 .083 .000 .048 .064
D .066 .083  1.000 .379 © . .636
E .013 .833 .000 .290 .227
F .013 .000 .000 .048 .064
G .000 .000 .000 .000 . .009

MDH-1
B .908 .375 .000 .016 .000
C .092 .625 .893.  .968  1.000
D

.000 -000 107 .016 .000
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Table 2, Cbntinued.

MDH-2 : '
A .474 .292 .000 .000 .000
B 171 .667 .000 .000 ~.000

- C .342 .042 1.000 .984 ~.991
D

.013 .000 .000 .016 .009

Allozyﬁe variation was assayed at 20 presumptive loci
in B. imp;&ba and B..acrocnema and at lS'presuﬁptive loci
in B. titania-(Tablé 3). General methods and‘staining
procedures were similar télthosé described by May et al.
(1979). Gehotype frequencies were obfained by direct count
-from the phenotypes observed on the gels, and inferred
"electromorph (allozyme) frequencies were calculated ffom
the.gehthpe frequencies.

‘.Expected'genotypic frequencies, fixation indices (F-
statistics), and fit to Hardy-Weinberg expectatioﬁs'were
calculated using BIOSYS-1 (Swofford and Selander, 1981).
Heterozygote deviation (D) from Hérdy-Weinberg expectations
. was calculated  for each population at each locus. This
statistic indicates whether the obserVéd‘numbers of
heterozygotes at each locus are_in excess, deficient or
identical to the expected under Hardy-Weinberg conditions.
A Sign Test (Daniels, 1990) wés used to test for
significant paftérhs of heterozygote aeviation within

samples.




25

In order to elucidate further the nature of any
population substructure within sampled B. improba group
colonies, the inbreeding coefficient (F) was estimated
across all polymorphic loci in each sampled colony (Hartl,
1980). Mean F was then calculated using the eight within
colony inbreeding coefficients obtained by this procedure.
In addition, overéll conformance with Hardy-Weinberg
expectations was tested across all B. improba group samples
by adding independently derived expected numbers of
heterozygotes from all samples to yield a total expected
number of heterozygotes under Hardy-Weinberg assumptions.
This sum was then tested against the total observed.number
of heterozygotes across all samples in a x2-test. A x2-
test for heterogeneity (Sokal and Rohlf, 1981) was used-to
test for allele frequency differences between samples at
each locus. This test, like Fg., gives an indication of
among subpopulation variance in allele frequencies at each
locus. The effective number of.migrants per generation
(Nm) was estimated from the F-statistics following Slatkin
(1987). Nei’s (1978) unbiased genetic identity (I) was
used to calculate overall genetic similarity among
populations. UPGMA.(Sokal and Sneath, 1973) was used to
cluster genetic identities to derive phenograms of
similarity among populations. Cbrrelation coefficients
between latiﬁude and mean individual heterozygosity,

percent polymorphic loci, and mean number of alleles per
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locus were calculated using Spearman's rank correlation
(Sokal and Rohlf, i981). A quaiitative analysis of
geographic allelic distributions was aléo done to elucidate
patterns of allelic distributions among regions. Regions
were delinéated.as: l)Nof;hr—_Territory sites, 2).Central—r
'fhe thfee sites in British Coluﬁbia énd Alberta, énd 3)
South-- the three sités in Wyoming and Colorado.

Table 3. Loci and electrophorétic conditions used to assay
‘ B. improba group and B. titania populations.

Locus Enzyme . Buffer
AGP Alpha-glyerophosphatase C*

- AAT-1,2 Aspartate aminotransferase c
DIA : NADH diaphorase 4 4rx
GP General protein | R¥**
GAPDH . Glyceraldehyde-3-phosphate dehydrogenase C
GPI ' Glucosephosphate isomerase 4

- G6PDH Glucose-6-phosphate dehydrogenase 4

@ HBDH ' Hydroxybuteric dehyrogenase R

~ IDH-1,2 Isocitrate dehydrogenase - C
@ LDH . Lactate dehydrogenase 4
MDH-1,2 Malate dehydrogenase C
MPI Mannosephosphate isomerase R
PEP-GL Peptidase (glycyl-leucine) R
PGD " Phosphogluconate dehydrogenase 4
PGM Phosphoglucomutase 4
SOD Superoxide dismutase R
XDH Xanthine dehydrogenase R

* Electrode buffer: 0.04 mol/dm3 citric acid adjusted to pH 6.1 with
N-(3-amino propyl)-morpholine;. diluted 1:10 for gel buffer (Clayton
and Tretiak, 1972).

_** Selander et al. (1971).

*** Ridgeway et al. (1970).

@ Assayed in B. improba only.
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Habitat Analysis

A set‘bf'él habitat variables was measured at each 6f"
the seven B. improba colony sites from which butterflies,
were collected'(Figure 1). The same set.of variables was
. measured at all five sites at which one or more B.
aérocﬁema were captured. Upper and lower élevations were
measured with an altimeter galibrated at a lécality with
known elevation each morning and corroborated with
tbpogfaphic‘maps. Mean elevations were then calculated_fpr
-each sife. Mean elevatioﬁs were standardized to the
lafitude of the Red Cloud Peak, CO, site to remové
laﬁitudinal differences among sites in subsequent
comparisons (MacArthur, 1972). 'One hundred meters were
added to the elevation of-each site that is north of Red
Cloud Peak for every degree of latitudinal difference
betweep the site and Red Cloud Peak, CO. Percent slope was
measured with a clinometer and checked using a land‘area
slope indicator for topographic maps (Reproductions
Specialties, Inc.; Denver, CO 80222). Aspect was measured
in the field with a compass and verified on topoéfaphic
maps. It was indexed on a relative scale-based on
Wentworth (1976) with the most mesic (NNE facing) sites
being assigned ones and the most xeric ‘SSW‘fécing)

sites being scored as nines. Site,iength was measured
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to the nearest five meters using a tape measure. Site edge
characteristics were quantified by walking the perimeter of
each site and estimating the percentage of willow, meadow,
talus, scree, rock face, and snow edge components. The
percentage of each cover component was estimated for each
site using a line intercept metﬁod (Smith, 1980). Three
50-meter transects were randomly placed at each sité, and a
tape measure was used to measure cover components. Sites
that weré too small to accommodate three 50-meter transects
were measured with fewer and shorter transects according to
their size. Cover components measured were: larval food _
plants (Salix nivalis for B. acrocnema and S. nivalis and
Salix arctica combined for B. improba), non-food shrubs
(e.g. Salix wolfii, Dryas hookeriana, and Arctostaphylos
uva-ursi), forbs, grass, moss, lichen, bare soil, litter,
small rocks (diameter<l5 cm), and large rocks (diameter>15
cm). Percent cover for each cover component was calculated
by dividing the total length of each component within a
transect by the total length of the transect and then
averaginglfor each cover component over all transects
measured at each site. Frequency of nectar sources was
estimated by tallying by species all flowers in bloom that
touched the tape measure during the line intercept
measurements. The counts for each species on which B.
acrocnema (Aster sp., Gentiana prostrata, Hymenoxys sp.,

and Silene acaulis) or B. improba (Cassiope sp., Caltha
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canadensis, Myostis alpestris, and Silene acaulis) was
-observed feeaing were added together, and this total was
divided by the total number of flowers in bloom touching
the tépe measure. Flower counts for all transects measured
on é site were pooled for this estimate.

Sites were grouped into four regions for preliminary
statistical analyseé. The regions were: 1) Yukon
Territory; 2) British Columbia and Alberta, 3) Wyoming, and
4) Colorado. A single classification analysis of variance
(Sokal and Rohlf, 1981) aﬁongiregions was carried out for
each habitat variable to identify Qariables that differ
significantly among regions. Once identified by the ANOVA,
these va:iableé were used in a principal components
analysis to determine the pattern of similarity amoné sites
with respect to the habitat variables.that differed among

regions.

Phenetic Measurements

Twenty-five B. improba group individuals were randomly
selected for inclusion in the phenetic analysis. Numbers
qf individuals used froﬁ each collection site are: 1) six
B. improba improba from Montana Mountain, YT, 2) one B. 1i.
improba from Pink Mountain, BC, 3) three B. i. youngi from
Mount Hamell, AB, 4) three B. 1i. yodngi from Prospect
Mountain, AL, 5) three B. 1i. hafryi from Bears Ears, WY, 6)

three B. i. harryi from Goat Flat, WY, and 7) six B.
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acrocnema from Red Cloud Peak, Co. ASubspecies designgtions
follow Gall and Sperling (1980). 1In addition, B. bellona
spec;mens from a variety of localities were included in the
analysis as an outgroup because they are morphologically
diStinct from the B. improba group. They were obtained
from the entomology museum at Montana State University.

A binocular dissecting microscope equiped with an
ocular micrometer was uséd to measure eight continuous
characters and. four discrete-charaéters oﬁ the right wing
of each butterfly kTable 4). Six B. impfoba group
individuals were seiected at random and three replicate
sets of measurements were taken from them. Standard errors
were calculated for each individual at each character. The
mean standard error for each—character was calculated to
provide an estimate of measurement error. B. acrocnema
véucher specimens are stored at thé entomology‘museum at
Monténa State University..

Principal components analysis based on the correlation
matrix oficharacters was used to cluster the individuals
graphically. The first two principal compdnents were used
to derive scatter plots of the poéition‘of each individual
on p;incipal component axes one (PCl) and two (PC2).
Euclidean distances were used to measure the separation
between cluéters. Two PCA’s were performed; one that

included B.i. harryi and one that did not.
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Table 4, Wing characters measured from B. bellona and
B. improba group individuals.

Character . . Type*

Dorsal Surface

FW length
FW ground color
Extent of white on FW
Width of FW postmedian spot i
in cell M o
Width of %W postmedian spot
in cell R o
6. Distance %rom FW postmedian
spot in cell R, to costal

" margin ( o (&
7. Distance from FW postmedian
spot in cell M2 to outer

W N

.
QO QO "on

margin ) Cc
8. Width of FW postmedlan band

in cell M
9. Extent of melanlzatlon on HW D

Ventral Surface

10. Length of HW postmedian-
© median discal spot c
1l1. Distance from HW postmedian-
-median discal spot to outer
margin C
-12. Extent of purple on HW D

* C=continuous character; D=discrete character
scored 1-4.




RESULTS

Population Trends

1987 Popu;ation éstimates

On 18 July 1987 two butterflies were tentativgly
idéntifiea as B.qacrocnema at tﬁé Req Cloud péak, CO; site.
A flight was found to be in pfogress at the site on 24
Juiy. Sixty;seven individuals were captured that day. Of
these, 63 were marked and released, and four (three males
and one female which were damaged by handling) were frozen
for later electrophoretic analysis. The site was visited
~ two aays‘later, and 38 individuals were-captured, 19 of
.which were_recéptures. All of these were marked and
released. On 28 July only 17 individuals were found, six
of which were recaptures. Since the population was
obviously declining and it was uhlikely that many females
remaining in the population would be unmated, the decision
was made to retain all seven males captured fof
electrophoresis. On 30 July, 13 individuals; including one
female recapture, were taken; nine more males were frozen.
On 1 and 3 August, seven and twd indi#iduals, respeqtively,
were éaptured and released. |

Overall recapture frequencies did not differ

signifidantly between males and females fG—test, p>0.100);
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therefore, both data sets were combined for anelysis.
Based on the pooled data, Lincoln Index»estimates and their -
standard deviations (Southwood, 1978) for 26 and 28 July
1987 were 126 * 20 and 129 i'49 respectively. The Jelly—
Seber estimate (Southwood, 1978 and Gali, 1984b) for 26

July 1987 was 141. | -

These estimates are not:robust for several reasons.
Because the population appeared to be declining during the
sampling period-the Lincoln Ipdex was technically
inappropriate, and since'the size of the recapture sample
was net predetermined, the estimates of the standard
deviations were inappropriate as well (Southwood, 1958).
The Jolly-Seber technique waS‘appropriate for this data set
(Southwood, 1978); however, the small sample sizes and the
paueity of recaptures pest 27 July precluded estimating
population size other than for 26-July or for even
calculafing the variance of this estimate. Because of
these limitations, the above estimates of daily population
size must be Qiewed with a great deal of caution.

Nevertheless, it is highly desirable to know what the
size of the odd-year breed'was at Red Cloud Peak, CO, in
1987. Figure 2 shows the number of individuals handled
each day of the CMﬁ, the minimum possible population size
for those days. The capture sex ratios did not.differ from
unity at any time, nor did the proportioﬁ of fresh

individuals differ between males and females for 24 July
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(Mean=0.58); 26 July (mean=0.35), or the peridd'from'28'
‘July to 3 August (mean=0.35 [Table-S}).

Judglng from the data shown in Figure 2 and from the
‘proportlon of fresh 1nd1v1duals in the daily samples (Table
5), the populatlon was probably sllghtly past its peak |
emergence on 24 July (a reasonable assumptlon since the
flrst 1nd1v1duals‘were seen on 18 July). In a,detalled
study of the populatlon at Uncompahgre Peak, CO, in 1980
Gall (1984a) sampled on approx1mately the same dates as
. this study. Gall (1984a) concluded that the first part of
the flight season had been ﬁissed in that study as well.
The two studies had fairly comparable mean number of
. captures per individual (1.6 in Gall, 1984a, ane 1.3 in the
present study), and the areal extent of the two habltats is
about equal. Thus, both studies appear to represent
reasonably equivalent sampling efforts. If se, there
should be an equivalent ratio of the number of butterflies
handled to total population size. Gall (1984a) captured
about 2.5 times as many butterflies as were ceptured for
the present.study (359 vs. 144), so, following this line of
reasoning, the total populatien.size at Uncompahgre Peak,
CO, in 1980 (650-750) should have been approximately 2.5
times larger than that at Red Cloud Peak, CO, in 1987.

ThlS results in an estimate of 250-300 lndlv1duals at Red

Cloud Peak CO, in 1987




OmMIC-HU>»0 IMOICZ

100

20 F

1 | L '}

W22 JUL24 JUL2S JUL2B JUL30 AUG!
DATE HANDLED

Figure 2. Number of B. acrocnema handled each day of
the 1987 capture-mark-release (CMR) study at

Red Cloud Peak, CO.

AUG3 AUGS

GE




36

There was no flight of B. acrocnema at its type
_locality (Uncompahére Peak; CO) in 1987 although three
insects tentatively identified as this species were seen
(but not captured) on 16. July and 20 July. The site waé,_
visited aéain on 22 July, but a thorough search of the area
failed to locate any B.'acrocnemal The site was wvisited
‘four édditional times during late July and early August,

but no individuals were encountered.

- Table 5. Sex ratio and proportion of fresh B. acrocnema
captured at Red Cloud Peak, CO in 1987.

Capture Sex Ratio Proportion Fresh

Date Males Females Males ' Females
24 July 28 39 | .59 .57
26 July 18 ~20 .29 - .40
28 July _ 8 9 .33 .25
- 30 July 9. 4 .56 .25
1 August 5 2 .40 0
3 August 1 1 0 0

Two fresh male B. acrocneﬁa were collected at the
second Uncompahgre Peak, CO, site (2.4 km SW of the type
iocality) on 22 July, and one fresh female and one
intermediate male were marked on 27 July. The site was
subsequently visited twice, but no édditionéi B. acrocnema

were found.
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1988 Population Estimateé
7 The first B. acrécnemaqu 1988 were seen at Red Cloud
Peak, CO, on 10 July, eight days earlier than in 1987. Six
nales and four females,were:captured and'reieased, and
about 15 others were seen in flight on lQ July. Six 100-
meter transects were placed in areas of butterfly
céncentration at Red Cloud Peak, CO, on 11 July, and the
’first ;ranseét cdunts were taken. A seventh transect was
established on 20 July in the nofthwest corner of the Red
Cloud Peak, CO, site. .The-last transect count was made on
23 July. Figure 3 giveé_theldéily counts throughout the
flight season.

| A CMR study was carried out between 22 July and 28
July, 1988 at Red Cloud Peak, CO. A total of 52
butterflies, iﬁcluding'six recaptures, were handled (Figure
3). Séxés were combined fér analysis although .five of the.
six recaptures were females. Table 6 presents the capture
sex ratios and proportion of fresh individuals captured for
eacﬁ sex. It is apparent from the excess of females and
the lack of fresh individuals late in the sample period
that the population was declining'during the CMR. For this

reason, along with the very small number of recaptures
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during the iast‘four days of the CMR, these days were
not included in making the populatioﬁ estimates.

AlthougH technically inappropriaté'beéause iﬁflated
estimates resulf'when sampled populations are declining, a
'Lincoln Index estimate was made for 22 July, and a Bailey
Triple Catch estimate (a modified Lincoln Index that uses
déta from three days [Southwood, 1978]) was made for 23
.July.1988;- The estimated population sizes were 100 for 22
July and 12 for 23 July (Figure 35.. The ratio of transect
count to population estimate for 22 July was 0.090 aﬁd‘for
23 July this ratio was 0.085. Therefore, the transect
counts may have accouptéd for about 10 percent of the
popuiatidn. If this ratio‘hela throughout ‘the flight
season, it is.possible to extrapolate the populafion size
for all days on which transect counts were taken using this
figure. These estimates are shown in Figure 3; the same
qaution used when considering the.1987 population estimates
shoﬁld be used for the 1988 estimates.

- There was an estimated total adult B. acrocnema
population size of 492 at Red Cloud Peak, CO, in 1988.
Based on the.apparent low density of B. acrocnema on any
probably an overéstimate of the total of adult bﬁtterflies

present: at the site in 1988.
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Table 6. Sex ratio and proportion of fresh B. acrocnema
captured at Red Cloud Peak, CO in 1988,

Capture Sex Ratio Proportion Fresh
Date . Males . Females Males Females
22 July 10 10 .10 .10
23 July ‘5 7 0 0
24 July 2 2 0 0
25 July 1 ) 4 0 0
26 July 0 2 0 0
©27 July - 0 0 0 0
28 July 0 3 0 0

B.'acrocnema was present at the fype locality,
Unbompahgre Peak, Cd, in 1988. Five lOO-metér transects
were established on this site oﬁ 12 July, and transect
counts weré begunf Cbunts continued at Uncompahgre Peak
through 27 July, and the results are showﬁ in Figure 4.

Six B. acrocnema.were also seeﬁ at two nearby sites 6n 19
and 21 July. Since the S. nivalis is continuous betweeh‘
these sites this probably did not represent the discovery
of new colbnies.. If it is assumed that the same percentage
of the butterfly population counted during transect walks
at Réed Cloud Peak, co; (about 10%) was counted at
Uncompéhgre Peak, CO, population es;imates can be made from
the transect counts for each day (Figure 4). The total
number of adult butterflies ﬁresent at the Uncompahgre
feak, CO, site during the 1988 flight season was

approximately 208.
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Three lOO;meter and one 70-meter transects were
established at the second Uncompahgre Peak B. acrocnema
site on 12 July and the transects were walked through 22
July. Only two butterflies were seen at this -site, one
each on 12 July and 14 July.

Two new B;‘acrocnema locations were disc;vered in
1988. Three B. acrocnema (one male and two females) were
captﬁred on the upslope portion qf Alpine Gulch (2.0 km NE
of the Red Cloud Peak, CO, site) on 19 and 20 July. This.
site was searched in 1987 and was found té be unoccupied.
One female B. acrocnema was captured near Baldy Chato on 27 .
’July 1988. Two others were seen in flight at that time.
This is noteworthy because 6f the relatively long distance
(about 56 km) between the Baldy Chato sife and the

previously known occupied sites.
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1989 PéDulation Estimates

Five (four fémales and one male) B.‘iﬁproba were
,captﬁred and mérked as part of a CMR study at the Haines
Junction, YT, site on 24 June 1989. All the capturéd
.individuals were f;esh. A recapture run was attempted on
25 June but poor weather conditions made field work
‘impossible. Ten males_and one female B. improba were
captured at Haines Junction, YT, on 26 June. Three of the
males had worn wings and the rest of.the sample had fresh
wihgs.v There were two recaptured males in tﬁe-26 June
éample, but these buttérflies were récaptured on fhe ground
in the same place where they were released two days before.
Some Lincoln Index assumptions had apparently been violated
(Southwood, 1978); the two recaptured individuals probably
did not mix back into thevpppulation, and,héndling probably
éffected their post—marking beha§ior. inen these
:reservations; the Lincoln Index popﬁlation size eétimate‘
for the Haines Juﬁction, YT, B. improba colony on 24 June
1989 was 28 + 16. All 11 individuals céptured on 26 June
were frozen for eleCtréphoreéis, |

Nine male and seven female.B. improba harryi were
captured on 28 Julyl1989; the fifst day of a CMR study a;
Goat Flat, WY. Eleven percent of the males and 29% of the

females in this sample were fresh. All were marked and
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released. A total of 28 butterflies was captured at,the
' ‘samé-site on 29 July; 16 of these were males and i2 were
females. There were two female and one male recaptures in
this’sampie,. The 29 July sample contained 13% fresh males
and no‘fresh females. Sexes were combined for statistical
-analysis. The Lincoln Index population estimate for the
Goat Flat, WY, B. improba’harryi colony on 28 July 1989 was
149- + 61 butterflies. All individuals captured on the

second day of the CMR were frozen for electrophoresis.

Population Genetics

Boloria improba Group

Tab;e 1 contaihs‘the inferred a;lelic.frequencies in
the B. improba and B. acrocnema populations as sampled.
There were no significant differences in allelic
Hfrequencies between odd-year and even-year samples for B.
" acrocnema at Red Cloud Peak, CO. Nei’s (1972) genetic
distance between thé two'years was 0.0002 over all 20 loci.
Very low For values at the two polymorphic loci, GPI and
AGP (Fst=0.0068 and 0.003 respectively), also indicated
that between year differences among samples at Red Cloud
Peak were insignificant. -Similarly, allelic frequencies
between the 1989 and 1990 B. improba harryiiéamples from
Bears Ears, WY, were statistically identical. Both broéds
were fixed for the same alleles at all loci except for the

presence of one heterzygous individual at the LDH locus in
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the 1989 sample. Since sample siies were inadaquate to
make valid between year comparisons ét.the other B. improba
group sites, it was aSsumed that these pbpulaﬁions also had
sﬁall alielic'ffequenéy differenéeé between Yéars. So
assuming, samples of alleles were pdoled across years from
sites at which samples from more than one year were
ébtained.' .

There weré some indications that B. improba group
colgnies'are‘microgeographicaiiy structured with respect to
gene flow. Six of 20 loci (AGP, AAT-1,2, G6PDH, PGD, and
MDH725 were not in Hardy-Weinberg equilibrium in the
Montana Mpuﬁtain, YT, sample and three of 20 loci (AAT;l,

" PGM, énd G6PDH) did not cdnforﬁ to Hardy-Weinberg '
expectations in the Pink Mountain, BC, sample. The Haines
Junction, YT, and Red Clbua peak, CO, samples each had one
of 20 loci (AGP ana GPI, respectively) out of Hardy-
Weinberg equilibrium. All significant.deviatioqs from
Hardy-Weinberg expectations weré4caused by heterozygote
deficiencies.' All other loci were in Hardy-Weinberg
equilibrium in the remaining samples. The Moﬂtana
Mountain, YT, site had a significant pattern of
heterozygote deficiency (nine of 11 polymorphic loci were
heterozygote deficient; p=0.0328, Sign Test) as did the
Mount Hamell, AB, (all four polymorphic loci were
heterozygote deficient) and Red Cloud Peak, CO, (both

polymorphic loci were heterozygote deficient) samples.
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Additionélly,‘there was a significant déficiency of
heterozygotes ovef'all B. improba group samples (p<0.005)..
Small-scale structuring within colonies was also indicated
by a high estimate of the meah within colony inbreeding
coefficient (F=0.159). In comparison, population-wide
ﬁatings between half-sibiings over one generation would
yield an. inbreeding coefficient of F=O.125 (Hértl, 1980).

‘Gehepic variability was estiméted withiﬁ each sample
_with tﬁree measures: 1) mean p0pulétion heterozygosity, é)
percentagé of'polmorphic loci, and 3) mean number of
élleles per locus. These estimates are in Table 7. There
was a statistically significant positive correlation
between percentage éf polymorphic loci and latitude
(?=0.8916, p=0.0183). Similar ?ositive correlations were
found between the mean number of alleles per locus and
_ latitude (r=0.9398, p=0.0129), and betweén mean expected
heterozygosity and latitude (r=0.8813, p=0.0038).
Populations of the B. improba group did seem to become more
isolatedvto the south (Figure 1),.éugges£ing that genetic
variability decreases with increased isolation.

Table 8 presents an hiérarchicél analysis of F-
statistics. By examining the relative values of the F-
" statistics it can be determined which hierarchical level
‘contains the most genetic variability relative to the other
levels. The results indicated that there is little

regional differentiatioh within the total range. Most of
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the genetid vériability within fhé total sample was due to
genetic differences betweeh local populations; therefore,
panmixis is geographically localized below the regional
level. 1Intraregional Nm was estimated és 0.409; a value
. that implied that.tﬁeré'was less thaﬁ'one migrant between
‘populétions in the same'fégion_evéry other géneration.
Within iegion X2-tests fof_allele frequéncy heterégeneity
cofrdborated this conqlusith ' Four of 13 polymorphic loci
had significant levels of allele freéuency heterogeneity
among the twé northern'populatiénsn(PGM, p=0.01555; G6PDH,
p=0.00001; PGD, p=0.03561; and GPI, p= 0.03357).
Similarly, seven of nine polymorphic loci (AGP, p<0.001;
AAT-1,2, p<0.001; MPI, p<0.001; PGM, p<0.001; G6PDH,

p=0.00601; and MDH-2, p=0.00006).significantly differed in
allele frequencies among:the central sémples. Two of four
polymorphic loci (AGP, p<0.001; and GPI, p<0.001) also
differed significantly in allele frequencies among the
_th;eevsouthern samples. These results were expected given
the low vagility of these butterflies (Gall, 1984a).

An UPGMA phenogram was derived from the genetic
identities (Table 9) among all populations sampled (Figure
5). Samples within regions clustered most closely
together, but genetic similafities among regional samples
did not reflect their relqtive geographical positions.

Samples from the northern and southern regions were more
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geneticaily similar to one another than either was to the
geographidally intermediate'central'region.l

"Private" alleles are defined as'alleles_that are
segregéting iﬁ one sample that are not p;esent in any
others. "Regional" alleles are those unique to a given
region. The distribution of regional alleles revealed a
pattern that would not be readily predictable from the
éreéeht‘geégraphical distribution of the butterflies. Of
"the 20 loéi examiﬁed, the number of regioﬁal alleles were .

- distributed as followé: 1) North - seven, 2) Central - two,

and 3) South - four (Figure 6). 1In addition, the north and

central regions shared eight alleles not segregating in the
south, central apd south regions combined shared no alleles
not found in the north, and north and south regioné
. combined contained two alieles'that wereAnot segregating in

the central region (Figure 6).
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Table 7. Estimates of genetic variability at 20 allozyme
loci in eight B. improba group populations
(standard errors in parentheses).

Mean No. Percentage Mean Heterozygosity

. of alleles of Toci = ===-eemcmceenoomea-

Population per Tocus polymorphic* Observed Expected
Haines Junction, YT 1.6 50.0 . .079 .093
(.2) (.026) (.033)
Montana Mountain, YT 1.8 55.0 .069 .127
; . (.2) | (.024) (.043)
Pink Mountain, BC 1.5 : 40.0 .096 .114
' (.1) (.043) (.045)
Mount Hamell, AB 1.2 20.0 . .084 .096
. (.1) (.039)  (.044)
Prospect Mountain, AB 1.1 10.0 .041 . .041
‘ (.1) '(.033) (.033)
Bears Ears, WY 1.0 5.0 .001 .001
(.1) ‘ (.001) (.001)
Goat Flat, WY 1.1 15.0 - .014 .013
: (.1) (.001) (.010)
Red Cloud Peak, CO 1.1 - 10.0 -.022 .031
(.1) : (.018). (.025)

* ‘A locus is considered polymorphic if the frequency
of the most common allele does not exceed .99.

. k] . .
Table 8. Hierarchical F-statistics among B. improba

group populations. See text for adescription of
the hierarchy. :

Comparison
. F
X Y ‘ XY
POPULATION - REGION .379
POPULATION - TOTAL .486

REGION - TOTAL . .172




Table 9. Unbiased genetic distances (Nei, 1978) above diagonal
and genetic identities (Nei, 1978) below diagonal among’
eight sampled B. improba group populations. .

Population A B . C D E F G H
A. Haines Junction, YT *+*** .013 .039 .062 098 .021 .015  .059
B. Montana Mountain, YT .987 xExEx .045 .068 .123 .026 .023 .064
C. Pink Mountain, BC .961  .956 ***** 065 .089 .096 .086 .143
D. Mount Hamell, AB ~.940 | .934 .937 *xxxx (038 .092 .089 152

E. Prospect Mountain, AB .906 .884 .915 963 ***** 177 166 .224

F. Bears Ears, WY 979 .974 .908 .912 | .838 *¥xx*x . 000 - .057.

G. Goat Flat, Wy .985 .978  .917 .914  .847 1.000 ***** 055

H. Red Cloud Peak, CO .943  .938 .867 .859 .800 .944  .947 xx¥x*

06
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Boloria titania

Table 2-cpntain5~allele frequencies of the five B.
titania populétions sampled. Samples were pooled between
years at sites where cbliections were made during more than
one Year. There were“statistieally significant
deficiencies in numbers of Heterozygotés in the Haines
Junction, YT, (IDH-1, MPI, SOD, PGM, G6PDH, PGM, and MDH-
2), Pink Mountain, BC, (IDH-1, AAT-2, and MDH-2),
Uncompahgre ﬁeak, CO, (PGM, G6PDH, and PGD), and Red Cloud
Peak,.CO, (PGD) samples. The Haines Junction, YT, sample
had a significant pattern of heterozygote déficiency;.of
the 10 polymorphic loci in this sample, nine weré |
heterozygote deficient (p=0.0108; Sign Test):. Similarly, a
nearly significanﬁ trend of heterozygote deficiency was.
detected in the Pink Moun;ain; Bé, sample in which eight of
10'polymorphic'loci were heterozygote deficient (p=0.0547;
Sign Test). |

Estimates_éf genetic variablility in B. titania
populationé are presented in Table 10. Unlike populations
in the B. improba group, percentage of polymorphic loci was
-vnot significantly correlated witﬁ latitude (r=-0.6669, p=
0.1823); No significant correlations were found among mean
number of alleles per locus and latitude (r=0.0513,

p=0.9183) or mean expected heterozygosity and latitude
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(r=0.3696, p=0.5404). Nonhierarchical mean F-statistics
across all 18 assayed loci for the five samples were:
P, =0.307, Fy.=0.626, and F_ ~0.461. The number of
migrants per generation for tﬁese populations was estimated
as Nm=0;292. 'This number was expected to be low given the
large disfances betﬁeen sample sites. There’we;e
statistically significant differences in allele freqﬁenciés
at 11 of the 15 polymorphic loci (IDH-1,2, p<0.001; AAT-2,
p<0.001; MPI, p<0.001; SOD, p=0.00006; PGM, p<0.0b1; G6PDH,
p<0.001; PGD, p<0.001; GPI, p<0.001; and MDH-1,2; p<0.001)
among the five B. titania samples. '
‘ Tabie.lo, Estimates of genetic variability in five B.

titania populations. (Standard errors are in
parentheses). '

Mean no. Percentage Mean Heterozygosity

‘ of alleles of Toci L L L LD L Ll

Population " . - per Tocus polymorphic*  Observed Expected
Haines Junction, YT 2.4 61.1 .108 213
" (.4) (.031) (.062)
Pink Mountain, BC 2.1 61.1 .167 " 223
(.3) (.062) (.059)
. Prospect Mountain, AB 1.3 27.8 . .039 .058
- (.1) (.016) (.031)
Uncompahgre Peak, CO 2.4 72.2 o102 .136
' - (.3) : (.034) (.043)
Red Cloud Peak, CO 2.3 72.2 121 .155
: (.3) (.045) (.053)

* A locus is considered polymorphic if the frequency
of the most common allele does not exceed .99.




55

The genetic idenﬁities (Nei, 1978) in Table 11 wére
.used to produce an UPGMA phenogram for the five.B. titania
populations sampled (Figure 7). Although the Colorado
samples were closely clustered, samples from the central
region (Prospect Mountain, AB, and Pink Mountain, BC)'were
widely separatedf This was unlike the phenogram derived
for the B. improba group in which samples within regions
4clustered most closely together.

The distribution of regional alleles over the 18 loci.
'examiﬁed was: 1) North - six, 2) Central - three, and 3)
South - 10 (Figure 8). Furthermore, when combined, the
norfh and central regions shared five alleles not found in
the south, central and south regional samples shared five
alleles not found in the north, ;nd the north and south
regions shared four alleles not segregating in-the central
samples (Figure 8). |
Tablé-ll.h Unbiased genetic distances  (Nei, 1978) above

diagonal and genetic identities (Nei, 1978)
below diagonal for five B. titania

populations.
- Population A B C D E
A. Haines Junction, YT *¥*xx 316 .215 .242 .252
B. Pink Mountaih, BC JJ29  KEExx .322 .328 .333
C. Prospect Mountain, AB _ .807 .725 ****x 076  .075
D. Red Cloud Peak, CO J77 J17 .928  Frxxk .003
E. Uncompahgre Peak, CO  .785 .721  .927  .997 ‘*w#x
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Circle diagram with nﬁmbers‘of'unique
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Habitat

~ The measured physical, cover and edge cﬁaracteristics
for each B. imprdba gréup'site are given-in Téble 12. Six
of 21 variableé were significantly different among regions.
These variables were: i) stahdardizéd elevation (df=11,
p=0.001), 2) aspect index (df=il, p=0.012), 3) non-food
shrub cover (df=11, p=0.004), 4) large rock cover (df=11,
p<0.01), 5)'willow edge (df=11, p<0.01);»and 6) meadow edge
(df=11, p=0.036). L |

A plot of the first two principal components based on

these six variables is presented in Figure 9. The five
Colorado sites formed altight clusternnear the means of the
two principal components with the othér colony sites
scattered around it (Figure 9). This implied that the five
Cdlorédo sites resembled one another closely with respect
to the variables used. It also implied that B. acrocnema
reguires habitat near'the/ﬁean of fhe habitat requirements
of the B. improba group as a whole. Northern and central
'region sites formed loose clusters while the Bears Ears,
WY, site more closely resembled the Colorado sites than the
othe; Wyoming site (Goat Flat; Figuré 9). Eigen-values and
principal component loadings fbr the first two principal
component axes indicated that standardized elévation, large

rock cover, non-food shrub cover, and willow edge were the
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most important variables determining site poéitions on the
first prinéipal component axis kTable 13). Similarly,
aspect index, meadow edge, aﬁd willow edge were the most
important variables on the second principal qompoﬁent,axis.
The first two principal components accounted for

approximately 73% of the variance in the data.




Table 12.

Habitat variables measured at 12 occupied B. improba group,colony sites.

Site designations are: 1--Haines Junction, YT, 2--Montana Mountain. YT,

3--Pink Mountain, BC, 4--Mount Hamell, AL, 5--Prospect Mountain, AL,
6--Bears ears, WY,

9--Uncompahgre Peak, CO, 10--Uncompahgre Peak site 2, CO,

7--Goat Flat,

WY, 8--Red Cloud Peak, CO,

l1l--Alpine Gulch, CO, and 12--Baldy Chato, CO.

Site

1 2 3 4 5 6 - 7 8 9 10 11 12
Standardized

Elevation (m) 3650 3765 3687 3737 3525 4162 3962 3854 3591 3890 3832 3945
Aspect ’ ENE WNW W S NW E WNW NNE . NE NNE NE NNE
‘Percent Slope 20 20 15 15 40 15 20 40 33 40 28 20
Site %ength (m) 200 1000 300 250 200 300 1000 450 300 -+ 250 50 150
Larva

Food Cover 12.45 4.17 - 4.45 30.96 5.12 16.91 8.20 15.90 28.90 16.20 14.00- 4.60
Non-Food -

Shrub Cover 37.93 57.26 19.06 13.20 48.93 0.03 1.57 3.34 -6.30 -0.83 20.00° 6.56
Forb Cover 10.80 8.72 36.82 8.33 16.11 22.17 24.91 19.20 31.50 24.60 38.60 .42.60
Grass Cover 24.86 22.09 30.03 35.29 . 9.42 11.89 23.38 34.10 16.10 22.90 23.60 14.40
Moss Cover 0.03 0.72 1.89 0.00 3.94 0.39 0.00 1.30 3.50 1.10 6.70 1.90
Lichen Cover 0.08 0.01 0.54 0.87 0.00 0.03 0.00 0.30 0.00 0.09 0.00 0.11
Bare Soil Cover 0.03 0.03 0.21 3.34 0.42 0.28° 1.31 11.90 0.81 18.80 5.50 4.10
Litter Cover 12.47  3.31 5.22 7.74 2.72 6.0 5.5 6.30 6.20 13.10 4.80 8.70
Small Rock Cover 0.01 0.00 1.18 0.00 12.93 5.60 9.52 4.50 2.50 2.80 4.00 4.60
Large Rock Cover 0.00 1.25 1.19 0.00 '0.39 36.18 25.50 3.10 4.10 0.08 0.00. 12.50
Willow Edge 70.00 55.00 0.00 0.00 O0.00 0.00 0.00 10.00 0.00 5.00 15.00 0.00.
Meadow Edge 30.00 30.00 95.00 90.00 85.00 80.00 20.00 55.00 60.00 40.00 80.00 60.00
Talus Edge 0.00 0.00 5.00 0.00 0.00 0.00 70.00 10.000 0.00 0.00 5.00 40.00
Scree Edge 0.00 15.00 0.00 10.00 10.00 0.00 0.00 25.00 40.00 40.00 0.00 0.00
Rock Face Edge 0.00 0.00 0.00 0.00 0.00 10.00 0.00 0.00 0.00 0.00 0.00 0.00
Snow Edge 0.00 0.00 0.00 0.00 5.00 10.00 10.00 0.00 O0.00 15.00 0.00 0.00
Frequency of : ‘ :

Nectar Sources 0.86 0.00 0.33 0.00 O. 0.15 0.10 0.13 0.02 0.00 0.22 0.17

09
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Figure 9.

PCA plot of six habitat variables measured at
12 occupied B. improba group colony sites.
Regional designations are: A--northern,

B--central, and C--southern. Occupied B.
acrocnema sites are circled.
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" Table 13. PCA results using six habitat variables from
12 occupied B. improba group colony sites.

Principal ‘Component ‘ . . 2
Eigenvalue - 2.759 ' 1.597
Percent of Variance- : -
‘accounted for by PC 45.986 » 26.662
. Cumulative percent 45.986 72.608
Variable ~ Variable Loading
Standardized elevation U556 =221
‘-Aspect index -.078 .518
* Non-larval food shrub -.537 .061
Large rock cover _ . .446 -.119
Willow edge . -.433 | - -.412

. ‘Meadow edge - ' - .101 o .704
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Taxonomy

Measurement error did not appear to be a significant
factor in the phenetic analysis of B. .improba group wing
,characters. Standard errors of the eight continuous wing
éharacters faﬁged from 0.008 mm to 0.066 mm with a mean of
0.028 mm. Discrete characters were scored conéistently.
Of the 24 repeated scorings made among the six individuals
whose scores were replicated, only three mis—scorings
occurred. |

Figure 10 shows a plot of the:PCA based on 12 wing
charaqters as measured from B: béilona specimens and a
sample of B. improba groﬁp individuals excludiﬁg.B.i.
harryi. B.‘béllona was separated from the B. impfoba group
individuals along PC1l, an axis on which forewing ground
coior and length were'most heavily ioaded (Table 14). B.
acrocnema 'was separated from the rest of the-B. improba
group along PC2, an axis defined by diameter of the
forewing postmedian spot in cell M3 and the extent of
purple coloratibn bn the ventral surface of fhe hindwing
(Table 14). |

Figure 11 provides a piot of the PCA in which all
sampled B. improba group colonies are represehted. As in
the previous PCA (Figure 10), B. bellona individuals were

clustered separately from the B. improba group along PC1,
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and forewing‘éround color and length were again the most
heavily loaded characters on this axis (Table 15). There
Was, howéver; less separation of B. acrocnema from the rest
of "'the B. improba group along PC2 due to the inclusion of
B.i. harryi (Figure-ll). The loadings on- PC2 in this
énalysié indicaﬁed that the extent of'white coloration-on
the dorsél surface of the Hindwing and_the extént of purple
coloration_on_thé ventral hindwing surface accounted for
most of the structure in the daté along this éxis (Table
15). Therefore, B.i. hgrrYi was apparently intermediate
between other B. improba subspecies and B. acrocnema with.

respect to the measured characters.
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Figure 10. PCA plot of 12 wing characters measured from

19 8.

improba, B--central B.
acrocnema,

ey - R

improba group individuals excluding
B.i. harryi, and six B. bellona specimens.
Letter designations are: A--northern B.

and

improba,
D--B. bellona.
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B. bellona and B. improba group specimens

excluding B.i. harryi.

Results of PCA on wing characters measured from

Variable
FW length
FW ground color
Extent of white on FW

width of FW postmedian spot

.1in cell M3

Width of poétmedian spot
in cell Rg

Distance from FW postmedian
spot in cell Ry to costal
margin '

Distance from FW postmedian
spot in cell M, to outer
margin

Width of FW postmedian band
in cell M,

Extent of HW melanization

Length of HW postmedian-
median discal spot

Distance from HW postmedian-

median discal spot to outer
margin

Extent of purple on HW

variable Loading

-.427
.389
.165

.058

-.139

-.324

-.183

-.391
.354

-.215

-.355
.167

.097

.073

.481

.510

q--

.184

Principal Component 1 2
Eigen value 5.010 2.127
Percent of vafiance - :
"accounted for by PC 41.751 17.726
Cumulative percent | 41.751 59.477

.142

.318

.217
.226

.155

.059
.461
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PCA plot of 12 wing characters measured from
25 B. improba group individuals and six B.
bellona specimens. Letter designations are:
A--northern B. improba, B--central B.

improba, C--B. acrocnema, D--B. bellona, and
Br=B.1, harryi.




68

Table 15. Results of PCA on wing characters measured from
B. bellona and B. improba group specimens.

Principal Component 1 ‘ 2
Eigen value ‘ ‘ 5.034 1.918
"Percent of variance ‘
accounted for by PC 41.951 15.985
Cumulative pérqent’ 41.951 - 57.936.
Variable Variable ngding
FW length -.426 -.111
FW ground color 369 -.139

Extent of white on FW .183 .525°

Width of FW postmedian spot
in cell M3 _ _ -.031 .341

Width of postmedian spot .
in cell Rg -.139 . .016

Distance from FW postmedian
spot in cell R, to costal '
' margln _ _ -.335 -.148

.Dlstance from FW postmedian
spot in cell M, to outer

margin -.231 - .242
Width of FW postmedlan band _

in cell M3 : -.387 -.242
Extent of HW melanization .319 -.265

Length of HW postmedian- L
median discal spot -.178 .259.

Distance from HW postmedian-
median discal spot to outer
-margin . -.363 -.156

'Extent of purple on HW _ .173 -.525
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DISCUSSION

Population Trends

B. acrocnema populations have apparently been
declining at both colony sites in the Sén Juan Mountains
since the early 1980’s. The decline of B. acrocnema is
traceable using CMR estimates from Gall (1984a),'this
study, and anecdotal evidence from U.S. Forest Service
files. The biennial life cycle of B. acfocnema divides
even-year and odd-year broods into separate populations,
although there ié, undoubtedly, some "leakage" bétween
broods (e.g..some larvae may take three'rather than two
years to develop). -

Gall (1984a) estimates that between 650 and 750 B.
acrocnema flew at Uncoﬁpahgre Peak, CO, in 1980. Zieroth
(Forest Service‘files) estimated that about 500 butterflies
were present at the type locality in 1982. Theré are no
estimates available for tﬁe 1984 and 1986‘Uncompahgre Peak
populations. 'Approximately 200 B. acrocnema flew at
ﬁncompahgre Peak in 1988, and no B. acrocnema were seen in
flight at Uncompahgre Peak iﬁ 1990 (Seidl, 1990).

The odd-year brood at the type localify has fared even
worse. Dr. James écott (letter to Forest Service; 30 July.

1980) estimated the 1979 population size at Uncompahgre
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Peak to be about 200. Zieroth-(l981) reported that this
co;pny was "greatly reduced" during the 1981 flight_season.
William Shuster, a Forest Service wildlife biologiét, saw

.“few" butterflies at Uncémpahgre Peak in 1983 and reported
seeing only three butterflies at the site in 1985 (Forest

" Service memo; 3 October 1985). No odd-year brood‘

butterflies were seen in 1987.

Both B. acrocnema broods at Red Cloud Peék, co, Have
evidently.beeﬁ more robustvthan‘the.Uncompahgre Peak
populations, but there is a general decline in population
size éstimates at this site as well. The Red Cloud Peak
colony was discovered in 1982 (Gall, 1984a). Gall
estimated its sizé at bet&een 1,060 and 1,500 individuals
that year (pers. com. to P. Brussard). "Approximately 200
B. acrocnema flew at this site in 1988. There are no
population size estimates for the intervening even-years at
Red Cloud Peak. Information for the odd-year brood at Red
Cloud Peak is even more sketchy; Butterflies were
apparently present at the site in 1983 and were "doing
well" in 1985 (BLM memo; J. Capodice, 17 April 1986).

Tﬁere were 250-300 butterflies at Red Cloud Peak during the
1987 flight season.

Although much of the evidence is anecdotal and many of
the popﬁlatioﬁ size estimates from CMR studies may not be
reliable on theoretical grounds, these estimates provide

convincing evidence that there has been a general decline
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in B. acrocnema numbers at the two known colony sites. The
butterfLy apparently no longer exists at its type locality,
so the Red Cloud Peak. colony is the only remaining
relatively large populafion of this species. Even it is
decliﬁing rapidly. . Héwever, B. acrocnema has been found in
small numbers at fhree other sites in the éan“Juan
"Mountains; th of which are near'the known colonies. It is
‘possible'that éther ;érge colonies exist in SW Colorado,
But a seafch of over 50 potential sites in and near the San
Juans over the course of two years failed to discover any.
Féderal personnel and private collectors have spent much
time since the discovery of B. acrocnema looking for other
colqnieS'and‘aléo have not found any.

The tenets of pdpulation viability analysis (PVA)
provide insight into the,decline of B. acrocnema. 1In ;he
absence-of deterministic causes (e.g{lsystématic habitat
' aestruction), the persistencé_of a given populatidn'is
-largely'determined by stochastic factors (Brussard, 1986).
Five factors are-conéidered imﬁortant to population
viability: 1) demographic stochasticity, 2) environmental
stochasticity, 3) infrequent qnd uhpredictable
éatastrophes, 4) genetic stochasticity, and 5)
metapopulation structure: (Brussard, 1986; Gilpin and
Soule’, 1986; and Shaffer, 1987).:

Demégraphic stochasticity is the random variation in

birth and death events in a population. This type of
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‘uncertainty occurs at the level of the individual.
Demographic stochasticity becomes a threat to the
persistence of a species only When thére are’very.few
individuals (10’s to 100’s) remaining (Brussérd, 1986; and
Shaffer, 1987). For an extreme example,‘congider a
population with oniy two breeding females. It is quite
possible that, due to the uncertainties involved in
fértilization, both could have all maié offspring in one
breeding season. This outcome would seriously affect the
~ability of this hypqthetical population fo increase even
.under the best of environmental conditions.

Although the Red Cloud Peak, CO, BL acrocnema
‘population is small, its numbers are probably not yet small
ﬂenough for demographic uncertainty to play a major role in
its future suryival.' Given thatgdémographic stochasﬁiqity
is often the immediate precursor of population extirpation
(Gilpin and Soule’, 1987), however, the continued decline
of this population over the_short-term could make this type
of uncertainty Qery important to the persistence of the Red
Cloud population. The Uncompahgre Peak even-year brood may
be a good example of héw rapidly these forces can cause the
loss of populations.

Enyironmental stochasticity is random environmental
variation which affects population-wide birth and death
probabilities and is an important cause of population

decline (Brussard, 1986; Gilpin and Soule’, 1987; and
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Shaffer, 1987). This type:of uncertainty has probably been
the key factor in the décline of B. acrobnéma populations
in recent years, as it may have been for several other
butterfly species (Ehrlich et al., 1980). Specifically,
mean annual temperatures were, on average, 0.67° C above
the long—térm norm and mean'anhuél'precipitation was 2.8 mm
" below normal in SW.Colorado in the 1980°’s (National Oceanic
and Atmospherié Adﬁinistration climatological data).
?herefore, it is quite possible that enviroﬁmental
uncertainty in the form of several warm and dry years could
have contribufed to the decline of these'popglations.

Ehrlich et al. (i980) state that the eéolOgical events
that result in population siie changes in butterflies are
those that are associated with-changes ih quality and
quantity of larval food sources. Climatically driven
changes in Salix nivalis phenology could have a profound
effect éh the ability of B. acrocnema to complete its life
cycle in the relatively short seasons avaiiable at high
elevations. Larval'growth rates may also be directly
affected by such environmental variables as temperature and
moisture conditions (Scott, 1986). Zieroth (1981)
attributed the decline in the'Uncompahgre Peak colony in
1981 to an unusually low winter snowfall and a warm spring.
This event could have started the odd-year brood at

Uncompahgre Peak on its decline. A parallel effect at Red
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Cloud Peak would support this hjpothesis, but the data are
not available. |

The biennial life cycle of B. acrocnema may buffer its
populations against environmental uncertainty to some
extent. There is apparentiy some leakage between odd-year
and even-year broods since theyihavé not significantly
divergea genetically. Thus; a declining bfood may be
augmented both genetically and demographically by leakage
between broods. It is also possible thaf an ektirpated
brood could be re-éstablished by "migrants" from the off-
year brood. This potential form of "rescue" (Brown and
Kodrié-Bpown, 1977) was apparently not sufficient to
‘prevent the demise of B. acrocnema at Uncompahgre Peak.

Catastrophic events can be viewed as extreme forms of
environmental uncertainty.-‘Catastrophes can be human
caused, such és collecting or destruction of habitat, or
they can be naturally caused (e.g., by fires and floods).
Shaffer (1987) dpnsiders catastrophes an important cause of
extinctipn because large increases in population size may
offer little additional protection against catastrophic
extinction. A

There are several pétential catastrophes that could
cause extirpation of B. acrocnema from its colony sites.
Gall (1984a) considers sheep grazing oﬁ these sites the
'most serious threat to these populations. - Massive habitat

loss due to trampling by a large number of Sheep could
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eliminate the butterfly from the grazed'area (Gall, 1984a).
Althoﬁgh.there are sheep allotments on both B. acrocnema
sites, no sheep have been grazed on them since the
discovery of the colonies. The Bureau of Land Managemént
~diverted a large sheeﬁ drive from the Red Cloud Peak site
in 1988, thus averting a.potentially catastropﬁic évent
which could have resultea inlthe.loss of the even-year
brood at Red Cloud Peak.

Grazing by pack horses, especially at Uncompahgre
peak, ﬁay pose a similar threat. ﬁight horses were
observed on the site on 27 Augusf 1987. The hofses had
been tethered on the downsloée end of the site while the
riders hiked to the peak. Although this particular party
does not visit Uncompahgre Peak regﬁlarly, such aqtivity
may occur fredﬁently since the site is the last relatively
level area along the trail before the climb to the peak.
Thelpotent;al damage to the site from several horses per.
week could be great; however, no otﬁer horses were observed
at this site in 1987 and 1988.

Collecting poses another threat to the persistence of
B. acrocnéma populations (Gall, 1984a). Collectors were
seen at both B. acrocnema sites in 1987 and 1988 despite
bans on collecting by the federal agencies with
jurisdiction over‘the sites. There is some question as to
the effect of collectihg on butterfly populations. Pyle et

‘al. (1981) could find no documented cases of extinctions or
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even local extirpations of inseéts due to collecting alone.
The deletérious effects of collecting may be ameliorated by
the.phenology of B. acrocnema broods. Males emerge first
in the flight season and patrol for eclosed females (Scott,
1986); thus, collecting males at any time in the flight
season is unlikely to éffect recruitmént to a great extent.
Collecting females, however, especially in iarge numbers
from small populations, has the potential to affect
demography. Since older, and probably mated, females tend
to disperse (Gall, 1984a), their removal could also affect
the establishment of new colonies.

Recreational hikers were mentioned by Gall (1984a) as
a potential threat to B. acrocnema colonies. The trail
through the Uncompahgre Peak site and the one near the Red
Cloud Peak site are both heavily used by hikers; peoble
were seen on these trails nearly every time work was being
done at the sites. There is little reason for hikers to
leave the trail at either locality, however, so fhe
likelihood of adverse impact on the butterflies by this
source is probably small. |

Genetic stochasticity are the effects on short- and
long-térm fitness resultiﬁg from the random loss of alleies
and inbreeding. Inbreeding is considered the greatest
threat to short-term persistence, while the genetic
variability needed for long-term adaptability can‘be lost

through genetic drift (O’Brien et al., 1985; and Shaffer,
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1987). Several modeling studies using data from large-
bodied trdpical species have revealed that genetically
effective population sizes of about 50 are needed for
short-term persistence and about 500 genetically effective
individuals per generation are needed for long-term
survival (Shaffer, 1987). The applicability of these
results to B. acrocnema is not known. Furthérmore,
'génetically effective populations sizes are difficulf to
estimate ffom simple population size estimates because many
variables may affect them (e.g., sex ;atio, variance in
family size, and variation in population size over time).
It would appear, however, that the short-term persistence
of B. acrocnema may be threatened by inbreeding given the
high estimated mean within-colony inbreeding coefficient
and the deficiencies of heterozygotes detected at the
assayed loci. Furthermore, its probability of long-term
persistence is probably threatened by its general lack of
genetic variability. |

Metapopulation structure, the distribution of local
populations in time and space, may also have an impact on
the survival of B. acrocnema. Wilson (1975) defined the
concept of the metapopulation as a series of local
populations some of which are going extinct while
colonizers are re-establishing others. Thus, an
equilibrium is reached in which the number of populations

is constant but the occupancy state of any given site can
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change (Wilson, 1975). Gall (1984a) assumes a
metapopulation stfucture for B. acrocnema. Given the
éhiiopatric nature of male and eérly season femaie’
butterflies, dispersing late Seaébn femqles'are probably
- the most.important element bf colonizers in thé population
kGall, 1984a). Ehrlich et al. (1980) sugéeét that
Euphydryas ssp. may also exist as metapopulations.
ﬁktiﬁction of-an entire spécies with a metapopulation
structure would probébly only occuf after a large
proportion of local populétions succumb to the
uncertainties of demography or the environment. When the
rate of recolonization is excéeded by the rate.of local
-pqpulgtibn loss, thé species is in danger of extinction.
The apparent move toward extinction of B; acrocnema
probably cannot be explained by one factor alone. It is
likely that climatic changes have played a large role by
reducing population-wide reprodgction and survival. The
exact mechanisms by which drier and warmer conditions have
impacted fhese populations are not known, althﬁugh it is
reasonable to expect that the deiiqate balance between
larval food plant phenplogy and larval development has been
disrupted. For example, eaflier than normal spring-like
conditions could provide cues to larvae to break diapause
before S. nivalis plants are in suitable post-winter

condition for larval consumption. Under this scenario,

larvae that are active too early would starve.
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Assuming that climate change could suppress population

. growth further, if not eliminate some colonies dutright,

the remaining populations could be eliminated by a variety
of demographic and enrironmental factors such as those
discussed above. As local populations are extirpated, the
pool of potential migrants could be diminished to the_point
at which ﬁew colonies are no longer being founded and
previously occupied sites are not beinQ recolonized. Once
this occurs, the loss of each colony brian the species one
step closer to extinction.

. Detailed knowledge of population trends amohg other
members of fhe B. -improba group is nonexistent. This is
unfortunate since it would provide a meaﬁs‘to assess the
hypothesized causes for the decline in B. acrocnema
numbers. Some daily population estimates were made for B.
improba in the Yukon Territory and Wyoming, but not much
can be'concluded from them. The vagaries of weather
conditions in the field and the priority placed on
collecting for allozyme surveys coupled with the logistical
difficulties of long distances between sample sites and
short flight seasons often made CMR studies impractical.
When attempted, CMR results were éften unsatisfactory due
to extrémely low recapture rates, especially in northern

populations.
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Genetics

Allozyme Variability and Conservation Biology

The electrophoretic-data compiled for this study
provide a means of ihferring the population strgcture and
historical biogeography of the B. improba group. This
'~ approach requires that the assumptions of the neutral
allele theory be met i.e., that mutation, drift, and
migration are the principal processes by which genetic
'variébility ariées and is ma;ntained in populatiéns (Nei,

1983 and 1987). 1In con£rast; when esﬁiﬁates of
heterozygosity‘and other measures of genetic variability
derived from allozyme data are used to make inferences
about the survival of B. improba groﬁpfcolonies, a
'selectionist argumént is invoked. Under this theory,
‘natural selection is assumed to be the dgminant process by
"which genetic variability is mqintained'in populations
through overdominance, environmental heﬁérdgeneity, and
other phenomena (Hartl, 1980). HThué, a paradox arises in
which the same data set is assumed tq have apparently
contradictory propefties.

The presgmed nature of_electrophoretié samples
provides a resolution of this paradox. Any eletrophoretic
_sample examines only a small but representative fraction of

the genome (Beardmore, 1983; Soule’, 1979; Utter et al.,
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1987; and Zink et gl,, 1985). Although the possibility of
sohe selection occurring at a few protein loci usually
cannot be discounted, selective neutrality is probably the
iule at most of these loci. This assumption is usually not
violated to the point where population structure cannot be
inferred iroﬁ allozyme data in most studies (Nei, 1983; and
Utter et al., 1987).'-In-addition, drift becomeé more
important‘than selection as effective population size
decreases (Beardmore, '1983; Hartl, 1980; and Crow, 19é6).
Therefofe,'aliozyme data from small populations, the ones
usually of moét interest in conservation biology, are eveh
less likely to violate the assumption of neutrality than
data from larger popuiations.

'On the other hand, several studies have demonstrated a
positive corielation betweén protein héterozygosity and
components of fitnesé such as survival, fecundity,.and
developmental stability (Aliendorf and Leary, 1986; Leary
et al., 1983; O’Brien et al., 1985; and Palmer and
Strobeck, 1986). It should be noted, however, that these
results are not always consistent (Allendorf and Leary,
1986; and Zink et al., 1985). The positive correlation
between protein heteszygosity and fitness has two possible
causes: 1) isozyme heterozygosity estimates are
representative of genetic variability throughout the genome’
and, therefore, some of the protein loci are themselves

involved in the expression of fitness related traits, and
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2) electrophoretic'variants are‘linked to genes
contributing génetic variance to fitness related traits
(Allendorf and Leary, 1986; and Zink et al., 1985);\ In-any
case, protein heteroZygosity estimates can be useful in
inferring probabilities of population persistenée because
of thei; empirically demonstrated link with fitness. Thus,
as Beardmore k1983)'states, "the extent to which genetic
variation in populations is maintaiped by deterﬁinistic or
stochastic processes . . . is not a matter of critical

importance” in conservation biology.

Within Colony Structure

| Several conclusions about population structure within
B.'improba group colonies and gene flow between colonies
can be reached using allozyme data. The deviation from
. Hardy-Weinberg expectations in the Haines Junction, YT, and
Red Cloud Peak, CO, B. improba‘and B. acrocnemé samples can
be attributed to random sampling error; at a significance
‘level of 0.05 one in 20 comparisons would be expected not
to conform to Hardy-Weinberg expectations by chance alone.
‘However, larger proportions pf loci with heterozygote
~deficiencies in a sample require further explanation.
There are five possible reasons why electrophoretic sample;
are deficient in hetérozygotes: 1) scoring of heterozygotes
as homozygotes, 2) null alléles segregating in the

(
population, 3) selection against heterozygotes, 4)
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inad&ertent sampling of two or hore semi-isolated demes
which are statistically treated as a single panmictic'hnit
(Wahlund effeét), and 5) inbreeding.

Since the_buffef s&steﬁs and staining procedures used
provided high enough resolution for 'unambiguous scoring it
ié unlikely that systemétic scoring errors occurred over a
. large number of loci. Thé potential presence of a null
allele segregatiﬂg at a particular locus is difficult to
disprove. In brder to be detected, the null allele must be
present in High enough frequencies to occur as a homozygote
in several saﬁples. This was not the case with respect to
any df the loci that were found to be hetérozygote |
deficient. ©Null alleles at low frequencies could be
occurrihg in heterozygotes at these loci, but it‘is
unlikely that they are frequent enough to cause the
observed heterozygote-deficiencies.

. For example, consider a hypothetical sample of 50
diploid individuals in which a null allele with a frequency
of 0.1 is'sggregating with two other alleles having
frequencies of 0.5 and 0.4. If the null allele is
_undetectable and the other two alleles are assumed to have
equal freqﬁenéies, 25 heterozygous individuals would be
expected under Hardy-Weinberg aésumptions while 27 would bé
expected if the null allele Qere detectable. The
difference between numbers of expected hetérozygotes is

insignificant under these two scenarios (p>0.5; X2—Test).
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Negative hetérosis cannot be disproven based on the data
gathered, but selective neutrality or near neutrality is
usually assumed for electrophoretic variants (Nei, 1983 and
1987).

‘'The Wahlund effect is the most likely reason for the
observed heterozygote-deficiencies at these loci (Hartl,
1980). It can occur in behéviorally structured populations
or when nonvagile organisms are sampled over a large area.
In the case of the B. imprgpa group, an area of over 1 km?
was sampled at Montana Mountain, YT, and butterflies were
collected from an area of several hundred square meters on
"Pink Mountéin, BC. Given the very small movements of B. |
acrocnema in Colorado (Gall, 1984a) it is reasonable to
assume that B. improba haslsimilarly low vagility.
Comparably small movements- have also been observed in

populations of other butterfly species (e.g. Colias spp.

~e

Watt et al., 1977 and Euphydryas editha; Gilbert and
Singér, 1973). Likewise, B. titania were collected over
even larger areas than B. improba because they occur in
somewhat lower densities in the areas sampled. Thus,
several semi-isolated demes may have been sampled at these
localities. Different allele frequencies in those demes
could result in tﬁe'observed heterozygote deficiencies

relative to panmixia throughout the sampled areas (Hartl,

1980).
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The relatively high estimate of mean within-sample
inbreeding (F=0.159) indicates that inbreeding, or
inbreeding-like effects, may also account for some of the
observed deficiencies in heterozygotes in B. improba group
samples. .Actual maﬁings between related adults wouid

require that two conditions be met: 1) related adults would

 have to eclose within a few days of each other after two

years of development, and 2) they would have to eclose in
close proximity to one anotﬁer. Given the very short
flight season of these butterflies and their apparently
sedentary nature (Gall, 1984a), these conditions could
potentially be met in B. improba group populations. A very
detailed behavioral study, combined with allozyme data,
would be required to determine the relatiQe strengths of-
inbreeding and Wahlund effect in maintaining the very
small-scale population structure that is indicated in B.

improba group colonies. The best conclusion that can be

reached with the present data is that the low vagility of

these short-lived butterflies may result in fairly frequent

matings among ¢lose relatives.

Between Colony Gene Flow

.'Gene flow is apparently restricted within very
localized demes in B. improba group colonies as evidenced

by the detection of a probable Wahlund effect in several of

-the populations sampled. Gene flow between populations
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therefofe is expected to be restricted as well. F-
statistics partition the total genetic variance in a
population into the variaﬁée within subpopulations and the
variance between subpopulations (Hartl, 1980). F-
statistics can also be used in hierarchical situations in
which populations are grouped within regions and all
regions togethef form the total sample. Hierarchical F-
statistics for the B. improba group (Table 8) indicate that
much of thé total genetic variance is held within
individual populations. Regions are not differentiated as
much as are the individual populations within them. Porter
and Geiger (1988) state that, under the assﬁmption of
selective neutrality, Fgy values that exceed 0.333 imply
that little present-day gene flow is occurring among the
sampled populations. The population-region F-statistic
(ny=0'3797 Table 8) and the low estimate of Nm (0.409)
indicate that there'is little gene flow between B. improba
group populations that are in the same region. Genetic
drift may be an important factor in the differentiation of
these populations given the apparently low level of gené
flow between them (Slatkin, 1987). High Fgt values along
with very low estimates of Nm imply that gene flow between
B tifania colonies-is at least as limited as it is between
" B. improba group colonies. Statistically significant
heterogeneity in allele frequencies among B. improba group

populations in the same regions and among B. titania
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‘populations also provide evidence that interpopulation gene
flow is restricted..

Relatively large th values and signifieant
_ heterogeneity in allele frequeneies between populatione
_have.beeh documented in a number of other taxa as well
(Eanes and.Koehn, 1978). Significant levels of genetic.
heterogeneity have been found among Scandinavian moose
(Alces alces) populations that are as little as 50 km apart '
(Chesser et al., '1982). Significant levels of population
diffefentiation have also been'noted among pocket gopher
(Thomomys talpoides; Patton and Feder, 1981) and black-
tailed prairie dog (Cynomys ludovicianus; Chesser, 1983)-
populations. Most of the cases of genetic differentiation
among mammalian populations have been éttributed to genetic
drift occurring in socially isolated breeéing units which
usually have small effective population sizes (Patton and
Feder, 1981; and Chesser, 1983). Other studiee (e.g.,
McCracken and Brussard, 1980; Selander and Kaufman, 1975;
and Selander and Hudson, 1976) have demonstrated that high
levels of genetic heterogeneity can occur between
populations of relatively non-vagile animals such as
snails. Both stochastic processes and selection may
determine the genetic composition of each isolated
population (McCraeken and Bruesard,.i980).

Gall (1984a) determined that B.. acrocnema are

extremely sedentary. From allozyme data, one may infer




88 - . -

that there is little gene_flow among ﬁbpulations in the B.
.iméfoba group as a whole. The non-vagile nature of these
species has apparently réSulted in restricted gene flow
withiﬁ and between colonies. Low levels of gené flqw
‘between B. improba group populations may explain the
decreases in eéfimated genetic variability that Qcéur with
decreasing la?itude. Central and southern region
populations in the B. improbé group are increasingly more
geograbhically isolated to the  south (Figure 1). Indeed,
populations in the southerﬁ region (B.1. Harryi and B.
acrbcnema) are completely disjunct from the rest of the
-group (Figure 1). This geographical isolation is reflected
in the progressive decreasé in genefic variability of B.
improba group populations in the southern part of its

distribution.

Relative Variability
Estimates of genetic variability in northern B. improba

group populations (Table 7) fall Qithin the range reported
for non-Drosophila spp. insects in general and butterfly
' species in particular. Hartl (1980) reports an average
heterozygosity level of 0.151.and a 53.1% polymorphism

level among foﬁp insect speéies, exéluding Drosophila spé.,
at 18 allozyme loci. Crow (1986) reports'that the average
heterozygosity of nonfoosophila spp. insect populations is
0.089 as estimated in a number of'allozyme surveys. ’

Drosophila spp. were excluded frbm these studies because of
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‘their atypically high levels of genetic variability
rélative to other insects. Porter and Geiger (1998)
estimate that the mean heterozygosity of éoenonymphaAtullia
populétions'in the.western U.Ss. rangéé frdm“0.123 to 0.185
and that the peréentage of polymorphic loci in these
populations falls between 32.9 énd 58.8. Brittnacher et
al. (1978) estimate that the average héterozygosities_of a
number of species within the genus Speyeria range from
-0.067 to 0.149. Kitching (19885 reporis mean
heferozygosity levels of 0.10 to 0.25 in a number of Daniad
bﬁttérflylpopulations. -Finally, Brussard and.Vawtér kl975)
estimatg mean heterozygosity levels of 0.22 to 0.72 and
polymorphism'levels'of 43% in Euphydryas phaeton
populations. |

Central and southern B. improba group populations have
genéraliy lower levels of genetid variability than those
estimated for other butterfly»species (Table 7).
Sigﬁifiqant correlations between estimates of'genetic
-variébility and latitude indicate that genetic vériability
decreases from north to south in B. improba group
populations. In contrast, all but the Prospect Mountain, AB,
B. titania population féll within the ranée of genetic
variability reported for butterfly species in other studies
(e.g., Porter and Geiger, 1988; KitcHing} 1988; and |

Brittnacher et al., 1978). Additionally, estimates of
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genetic variability and latitude are not significantly

correlated in B. titania populations.

Populatiqn Heterozygosity

Several studies (ejg., Wade et all, 1983; Kilpatrick
and Crowell, 1985; and Ayala et al., 1971) have documented
reductions in mean heterozygosity and allozyme polymorphism
in geographically isolated populations of maﬁy taxa.

Random processes cén result in the loss of neutral alleles
from populations that receive few dispersers to replace
them (Crow, 1986; and Hartl, 1980). Inbreeding in small,
isblated populations can further reduce heterozygosity.
Isolated populations may also experience unique selection
pressures. This cén reduce genetic variability in these
populations as well (Hartl, 1980; Wade et al. 1983; and
Ayala et al., 1971). Since selective neutrality is usually
assumed for electrophoretic variants (Nei, 1983 and 1987),
it is reasonable to expect that stochaétic processes are
the most likely causes df the loss of variability in the

- southern B. improba group populatidns.

There are several important implications of restricted
gene flow and low levels of genetic variability for the
long-term persistence of B.i. harryi and B. acrocnema. The
advantages of genetic variability have been documented in a
numbef'of studies (e.g. Allendorf and Leary, 1986; O’Brien

et al., 1985; and Watt et al., 1983). These studies have
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concluded that hetéfozygous‘individuals may have higher
fitnesses than homozygous individuals and that genetically
variable populations should be better able to adapt to
changing environmental conditions, and thus persist longer
than less variable populations (Allendorf and Leary, 1986;
and O’'Brien et al., 19855.

Allendorf and Leary (1986) surveyed 21 studies in the
current literature concerning the effects of heterozygosity
on survivél.' In 15 of the studies surveyed it was
determined that heterozygous individuals have én advantage
over homozygous conspecifics for this component of fitness
(Allendorf and Leary, 1986). Positive relationships
between heterozygosity and disease resistance, high grohth
and.development rates, and developmental stability have
also been demonstrated (Allendorf and Leary, 1986); Watt
(1983) presents an example of heterzygote superiority at
the PGI locus in Colias spp. butterflies. Heterozyéotes
haa the highest in vitro substrate binding affinities, and
thus the greatést efficiencies, under a-variety of pH and
temperature conditions (Watt, 1983). When tested in the
field, PGI heterozygotes wére abie to fly at lower
temperatures than homozygotes; thus, heterozygous

individuals were able to initiate flight earlier in the day

and to fly for longer durations than their homozygous

conspecifics (Watt, et al., 1983). These heterotic effects
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‘could have implications for the survival, and therefore
fitness, of.individual,Colias spp. butterflies.

. 'O’Brien et al. (1985)_cénvincingly demohstréted that
extremely low levelé 6f heterozygosity and polymorphism in
southern African cheetah (Acinomyx jubatus) populations are
assqciated with susceptibility to disease, male
infértility, and high juvenile mortality. _The lack of
significant amounts of genetic variabiiitj in the cheetéh
implies that the species may be unable to adapt to
environmental changes, therefore it is in danger of
extinction (d’Brieﬁ et al., 1985). A similar investigation
of cheetahs in east Africa_and.élsewhere would help confirm
these éonclusions (O’Brien et al., 1985). |
| " Although southern B. improba group populations are
cbnsidérably more vafiablelthan cheetah populations, they.
are significantly less éo than northern B. improba group
populations. Given the low vagility of these butterflies
and their disjunct distribution, it is unlikely that gene
flow will significantly augment these isolated gene pools.
This may be particularly important in B. acrocnema since
the only two known colonies of this butterfly have been
declining in numbers over the last decade. If B. acrocnema
‘can éurvivé the current bottleneck, its long-term
persistence may stili be threatened by its lack of genetic
variabilify which it may need to meet changing

environmental conditions.
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- Most. of the sampled B. titania populatioﬁs have high
levels of mean heterozygosity and polymorphism (Table 10).
Thé large geographic disténces between sampied B. titania
populations in this study probably account for the apparent
lack of‘gene flow that is indicated by a large Fg, estimate
and significant genetic héterogeneity at several loci in

the sampled colonies..

Historical Biogeography

In addition to providing information concerning the
' ecological genetics, population structure, aﬁq the
potential for long-term persistence of B. ;mproba group
populations aliozyme'data can be used to test historical
-biogeoéfaphical hypotheses concerning tﬁe fate of the
ancestral butferfly populations during the late Wisconsin
glacial period. Two hypotheses could account for the
pattern of distribution aﬁd differentiation observed in the
B. improba group. First, the relict hypothesis posits that
ancestral B. improba were distributed near glacial margins
during the late Pleistocéne. As the glaciers receded B.
improba habitat moved north and upslope; Thus, B.
acrocnema became isolated first and differentiatéd enough
to be recognized as a full species. More northern
populations have been isolated for shorter periods of time
and havé.differentiated only to the éubspecies level.

The second hypéthesis is a dispersal hypothesis.

Ancestral B. improba existed in refugia in Alaska during
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the last Pleistocene glacial period. As'thé climate
warmed,‘buttérflies dispefsed south along an archipelago of
alpine habitat, eventually reaching a southern terminus. in
Colorado. Progfessive founder events have lead to the
present differentiation of the various species and
subspecies on a_north-south continﬁum.

The two hypotheses lead to different predictions about
the genetic_compositiohs of the cordilleran populations.
Under the dispersal hypothesis, the genetic cdmposition of
each population in the cordilleran chain should be an
impovefished subset of the one to the north, i.e., there
should be a progféssive reduction in heterozygosity and in
the number of low-frequency and rare alleles in a north-
south direction. Under the relict h&pothesis, there is no
reason to expect declining heterozygosity and nested
subsets of alleles in a north-south direction; rather, a
much more random pattern of allelic composition and
heterozygosity woﬁld‘be expected.

Although there is a progressive loss of héterozygosi;y
from north to south in B. improba samples as predicted by
the dispersal hypothesis, there are no nested subsets of
alleles in the populations sampled'along the Cordilleran
.chain. The southern B. impfoba harryi and B. acrocnema
samples contain four'al;eles nof found in either the
northern or central regions (Figure 8). The trend is

similar in southern populations of B. titania which have
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'10 alleles not found in northern and central populations
(Figure 8).

On the othef hand, the predictions of the relict
hypothesis are no£ subported by the Observed distributions
of regional alleles either. 1In both the B. improba group
and.in B. titania central region samples have fewer
regional alleles than the others (Figures 6 andA8). Random
isolation events should resﬁlt in roughl& equivélent
numbers of regional alleles. 1If this were the case,
central populations of B. improba should have about four
regional'alleles out of the total of 13 present in all
three regions. Similarly, ;entrai B. titania populations
would be expected to have about si# of 19 regional alleles
undef-thelrelict hypéthesis.‘ Therefofe, the distribution
of regional alleles cannét falsify either the dispersal or
the relict hypothesis but elements of both hypotheses could
have opefated in the past. to yield the present distri#utibn
of butterfly populations. _

- The results of the allozyme study conform well to thé
hypothesis that ancestral populations of the B. improba
group and B. titania were isolated by the Wisconsin
glaciation in Alaskan refugia and along the margins of the
major ice sheets and mountain glaciers to the south. The
-northern and southern fegional_Samples are genetically

~similar (Table 9 and Figure 5) reflecting an historical

. connection between the populations of the two regions.
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Most likely, ancestral B. iImproba populationsAoccupied a
large and continuous area of North America as the climate
cooled during the early stages of the last Wisconsin
glaciation. = The population was then split into two widely
separated parté once the Laurentide and Cordilleran ice
sheets coalesced; one segment of the population was
confined to Alaskan refugia, and the other gxisted south of
the glacial margins. Both ancestral populations were
pfobably large because genetic dfift did not result in much
divergeﬁce between the northern and southern popﬁlations
(Table 9 and Figure 5). .

The allozyme results for B. improba aléo indicate that
colonization of the central region was mostAlikely from the
north. Genetic identities between northefn and central
populations are generally higher than genetic identities
betweeh cénfral and southern populations (Table 9). Thé‘
north and qentral regions share eight alleles that are not
found in the south, while central and southern'regions
combined do nof share a single allele that is not found in
the north (Figure 6).

When the distribution of alleles is examined within
the central region alone the evidence for.nofthern
colonization of the central region is striking. Among the
eight loci that are polymorphic in at least one of the '
central B. improba samples (Table i) the Pink Mountain, BC,

population contains six alleles that are not found in the
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othef two central samples; Among the fwo more southern
samples within the ceﬁtral region Mount Hamell, AB, has one
alleleAndt foﬁnd in the other central populations and
Prospect Mountain, AB, has no sucﬁ alleles.‘ Pink Mountain,
BC, and Mount Hamell, AB, share two alléles that are not
found in the Prospect Méuntain, AB, sample which is the
furthest south of tﬁe populations in the central region
(Figure 1). Only one exception was observed; the two
Alberta éamples share one-éllele at the MPI locus that was
not observed in the Pink Mountain, BC, sample to the north.
'Therg is a similar trend in B. titania. Among the 11 loci
that are polymorphic in the central samples the more
northern Pink Mountain, BC, sample contains 17 alleles that
are not found in the more southérn-Prospect Mountain, AB,
sample. The Prospect'Mountain} AB, sample has only three
alleles that are not segrégating in the Pink Mountain, BC,
population.

| There is a cleaf trend of declining genetic
variability in a southerward direction from Pink Mounfain,
BC, to Prospect Mountain, AB, (Table 7) among-B. improba
samples within the central region. Successive founder
events from north to south are a likely cause of this
trend. Fur;hermore, éhe fact that the central populations
are geographically closer to the northern populations than
to the southern populations makes colonization from the

north more probable.




(
98 o

Finally, the low levels of genetic'variability in the
southern B. improba group samplés'(Table 7) can be
-attfibuted to recent genetic_battlenecks Fhat occurred when
a largé and continuous population wasvgradually annfined to
'tha few habitable sites remaining at the end of the
éleistocene. éince B. titania is more widely distributed
and more of a nabitat generalist than B. improba harryi or
B. acrocnema  (Ferris et al., 1983; écott, 1986) it would
not have exparienced a loss of nabitat of the same
magnitude. Therefore, B. titania would nave been able to
maintain larger population sizes, which would have
ameliorated the loss of genetic variabilify due to drift in
southern B. titania populations (Tablello).

~Results from the allozyme survey'inply that ancestral
B. improba and B. titania populations existed in Alaskan
refugia and south of the major ice sheets durlng the
Wisconsin glaciation and that the central Canadian
 populations were most-likely derived_ffom noﬁthern
populations. Geological and palynological studies can
provide an approximate time frame fof the daglaciation
events that lead to the present distribntion of B. improba
in western North Americai By overlaying information about
the genetic divergence that has taken blace within the B.
improba group with knowledge of the timing of the |

geological and climatic events‘that shaped the present
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distribution of thesé butterflies, further understanding of
the rate of evolutionary change can be géined.

Glaciers dominated the landscape of North America for
much of fhe Pleistocene. The laét glacial episode, the
WiséonSin, began approximately 55,000 years before present
(B.P.) when the Cordillaran and Laurentide ice sheets met
near the British Columbia and Alberta border in the south
and in western Northwest Territories to the north (Flint,
1971; and Regves, 1973). Although the two ice sheets
covered most of northern North America, a large ice-free
refugium existed in Alaska and western Yukon ferritory with
a narrow extension reaching along the border between the
Northwest Territories and the Yukon Territory south to near
the British Columbia border (Flint, 1971). |

Although the ice sheets dominated the North.American
lgndscape fbr thousands of years, they were not static.

The Laurentide and Corailleran glaciers-subsided and
coalesced several times during the Wisconsin glaciation
(Reeves, i973); thus, the glaciefs did not present a
constant barrier to migration during this period. Ice-free
corridors were open for a few thousand years and then
closéd as the ice sheets re-expanded. The last glacial
maximum that resulted in the closure of the ice-free
copridor occurred‘18}000 to 20,006 years B.P. (Reeves,

1973; Dyke and. Prest, 1é87).
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Théfe is a rough consensus among inyestigators as to
‘the approximate time of the opening of'thé-last Wisconsinan
'ice;free corridor. Mott and Jackson (1982) state that the
southern end of the corridor in Alberta_was frée of ice by‘
‘18,006 years B.P. According to Reeves (1973), southern
Alberta was ice free by at least 15,000 yéafs.B.P. with
ﬁountain yalle?s being deglaéiated by'10,506 yéars B.P.
Rutfer (1984) indicates that a ﬁarrqw strip of Alberta from
- the Jaéper-Hinton area south té tﬁe U.S;_bordér was not ice
covered during the last advance of the Wisconsin glaciers.
The L;urentide_and Cordilleran ice sheets coalesced north
of Hinton, AB; and did not séparate until_13,500 to 11,400
" years B.P. (Rutter,i984). Finally, Flint (1971) dates the
opening of the ice-free corridor at 12,000 to 10,000 years
B.D. (Figure 12). |

This chronology provides an independent estimate of
the lengﬁh of time the butterflies in'the B. Improba group
‘have had to differentiate. Apparently, the Alaskan
refugial populations and the southern glaéial margin
. populations of B. improba were separated by ice 18,000 to
20,000 years B.P. Gene flow was certainly.curtailed
between the two regional groups for 6,000 to 8,000 years
until.the complete opening“of'the ice-free corriaor
approximaﬁe;y 12,000 years B.P. and has probably been
minimél ever since given the great distance separating ﬁhe

central and southern regions.
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Figure 12. The ice-free corridor in western North

America 12,000 to 10,000 years B.P. (after
Flint, 1971) and sample sites.
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As the ice—free corridor expanded; the but£erflies
were able‘toicolonize the newly creafed hébitat. Mott and
Jackson (1982) anal&zed pollen samples from sites within
the southern part of the corridor and determined that tﬁe
environment at the time was similar to modérn tundra
environments. The proximity of knowﬁ‘B. improba colony
sites in Bfitish Cblumbia and Alberta to the putative
glacial froﬁté of Flint .(1971) is illustraéed in Figure 12.7
The present'distribution"of B. improba relative to the
glacial frénts strongiy implies that the ice-free corridor
was the dispérsal route used By thé butterflieé
épproximately 12,000 years B.?. (Figure ;é);
| This chronology can be compared to the genetic
differentiation preéent in the B. improba group to yield a
-rougﬁ.approximatibn of the rate of evolutionary change in
the clade. It is apparent that the nominal speciation of
B. acrocnema took place within a time span of 18,000 to
20,000 years. Although butterfly populations have existed
iﬁ the central Canadian region for a shorter periéd of time
they show mbre divergence from the northern populations
than the southern populations do. This pattern of
divergence strongly suggests that founder effects were an
important factor in the genetic differentiation of these
populations. The cehtral B. ihproba populations could have

existed for a maximum of 12,000 years.
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Further testing of fhelvicariance/dispersal hypothesis
could be carried out in two ways. First, populations to
the north of the Haines Junction, YT, and Montana Mountain,
YT, populations should be sampled. Samples from this part
of the rangé of B. improba are expected to bg_gt least as
variable as those\already assayed from the Yukon Territqry.
'In addition, all northern region samples are ekpected to be
more genetically similar to one another than to other
populations, Second, other means of determining genetic
reiatedness dna variability among the sampied populations
should be émployedt Analysis of the variability in mtDNA
is particulafly suited to this investigation. Under the
present hypothesis, relationship and variability patterns
are expeéted_to be similar in mtDNA to those found in the

assayed allozyme loci, if the hypothesis is to be accepted.
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Habitat

.Field obsérvations led to the hypothesis that B.

~ acrocnema, énd possibly B.i. hafryi, have more specialized'
habitat feqﬁi;ements than other butterfiies in the B.
improba groupl Although patches of S. nivalis are
ubiquitous from tfee;line up to near the upper limit of
plant growth.;n fhe San Juan Mdunﬁaiﬁs, B. écrocnema
colonies are only known from a very few sites. These sites
are at some of thé'highest elevations which support plant -
groth:and are all NE facing. Apparently, thé-habitat
requirements of the butterfly are more sfringent fhan those
of its larval food plant. Northern and central B. improbé
colony-sites,'in contrast,-are generally at mid-slope above
tree-line and have a var;ety of aspedté. Although exact
data are lacking, northern B. improba colony sites appear
to be much larger than southern sites. As discussed above,
larval feeding ecology and development may interact with
host plant phenologyvin determininé the suitability of
potential B. improba group cdlony sites.

Studies have shbwn that, given enough time, isolated
populations will divepge both geneticélly and'ecologicélly“
from their parental stock (e.g. Carson, 1982; and Grant, -
1986). Under the right circumstances impressive radiations

can take place over a few million years resulting in
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'Striking morphological and eco;dgical differentiation.' The
finchés of the Galépagos‘islandé arexone 6f many examples
of this type of radiation éérant, 1986). Somehhat more
éubtle genétic, morphological, and eqological divergenéés
took plaée over thegp$s£'700,000 jéars or so amoﬁg
Drosophila ssp. on the island of Hawaii (Caféon, 1982).
Therefore, although they have‘not diverged much genetically
from northern populétions{ one mighf expect some ecological
differences to be detected between-disjunct southern |
butterflies and more continuously distributed northern and
“ceﬁfral.B.”iMprpba.. Because B. acrocnema is the most
disjunct member of tﬁe_clade, it has probably been isolated
the longest and has diverged enough morphologically to be
déScribed as a full species. It is hypothesized that it
evolved in allopatry to the point where it differs in |
habitat reQuirements from the rest of thé B. improba group.
Iﬁ addition,'given'its apparently precarious position in‘
terms of persistence, it may bé useful to any future
management efforts to know if B. acrocnema has diverged
ecologically auring the 18,000 to 20,000 years that~it has
-been isolated froﬁ_northern gene flow. Colony site
vegetation and physiéal.characteristics are useful
pérameters in teﬁting this hypothesis because of the
discrete nature of the sites and the philopatry of the

buttérfly.
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The loadings on PC1 and PC2 (Tablé 13) indicate that
southern B. improba groﬁp colonies occur on higher, more
north facing, rockier, and less shrub covered sites than
central and northern colonieé. This cérresponds'well with
personal observations of the sites. The c}ustéring of B.
acrocnema sites neaffthe means of the two principal
components (Figure 9) éuggests two conclusions: 1) these
sites are more similér to each’other thaﬁ they are to 6ther
B. improba group sifes, and 2) B. acrocnema has a smaller
ecélogical amplitude than the rest of the group taken as a
whole.. Based bn this, one wbuid conélude that B. acrocnema
is somewhat ofua habitat Speqialist requiring a specific
kind of habitat within the~range of habitats occupied by
the entire clade. fhere are, howe&er, two reasons to be
cautious in this conclusion.

First, sites that are‘geogfaphically closest (i.e.
within the same region) are expected to be more similar

than more distant sites. Thus, sites in Colorado should

. environmental autocorrelation. Indeed, sites within all

regions tend to forﬁ clusters in the principal component
space (Figure 9) which suggests that they are more similar
with respect tq.the variables measufed than sites in other
regions. Because B. Improba siteé'essentially surround the

B. acrocnema cluster in the PCA (Figure 9), however, the
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_conclusion_that B. acrocnema occupies a §ﬁbset of sites
~occupied by the entire B. improba group stands.

' Second, there is a biological réasOn for using caution
when interpreting these results. THe observed pattern"
could be an artifact of the'qssumed metapopulafion ‘
stfucturé‘and decline of B. acrocnema. The habitat data
used in this énélysis are from the only five B. acrocnema
sites known. - Presumébly they are the best at meeting the
needs of the Butterfly of are the ;ecipients of migrants
from larger colonies nearby. Only the largest colonies at
optimal sites would be expected to persist through the
present bottleneck. Colonies at marginal sites could havé
been extirpated by environmental‘énd/Or demographic

@ | uncertainty, catastrophes, or combinations of these
'y  factors. Thus, marginal colony sites would not have been
“included in the analfsis. _Furthermbre, it is expected that
- the best sites for the’buttérfly.would‘haye simiiaf
characteriStiés and would, therefore, c1uster‘together'in
fhe PCA. Therefbre, the only conclusion that can be
reached is that under present conditions B. acrocneﬁa is
probably somewhat of a habitat specialist.in comparison to
its closest relatives,.but this may not nécessarily have

been the case in the past.
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Taxonomy

Gall and Sperling (1980) describe B. acrocnema as a

previously unknown species of nymphalid butterfly that is

‘closely related to B. improba. This conclusion was based

on a phenetic analysis .of 75lbody'and wing charaéters
measured from Canadian,B. improba and B. acrocnema from
Uncompahgre Peak, CO; B.i. harfyi specimens were not
included in this originai analysis (Gall and Sberling,
1980). Tﬁe desigﬁation of B. acrocnema as a full-épecies,
however, has been disputed by écdtt (1986) and others‘who
consider it a subspecies of B. improba.

Estimates of genetic similarity derived from
eleCtrophoreﬁic data and'morpﬁometric data from wing
measurements may help clarify the taxonomic status of B.
acrocnema. Brussard et al. (1985) compared estimates of

genetic identity (I) between several previously described

taxa of nymphalid butterflies and Drosophila spp. in order

to determine the appropriate taxonomic category for

t

observed estimates of I between pairs of butterfly taxa.

It was determined that sibling species of butterflies have,
on average, genetic identities of 0.837 while the mean I of
butterfly Sﬁbspecies was esfimatéd at 0.978. There are,
however, wide variances_arouhd these means which make

taxonomic interpretations of these estimates difficult.
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Nevertheless, an examination of Figure 9 reveals that all
members of the B. improba group have genetic idehﬁities
well above the mean for butterfly sibling species. Thus,
although theée conclusions should be considered with
qaﬁtion, theyhindicate that all members of the é..improba
group could be of the same sbecies, implying that B.
acrocnema may be better considered a subspécies of B.
improbg.

‘Morphometric data corroborate this conclusion. The
inclusion of B.i,Harryi in the phenétic"aﬁélysis of wing
characters clearly results in a.gradual‘distribution oﬁ.B.
improba group individuals along PC2 (Figure 11). The
tendency for B. acrdcnema individuals to'cluster in the PCA

plot (Figuré 11), however, indicates. that they are somewhat

~distinct morphologically relative to B. bellona and the

other B.' improba group butterflies. Therefore,

.electrophoretic analysis and morphometric data both

indicate that B. acrocnema should probably be considered a
well differentiated subspecies of B. improba rather than a

full species.'
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SUMMARY AND CONCLUSIONS

Population size estimates and anecdotal evidence
indicate that B. acrocnema'populations have .been declining
at both known colony sites throughout the 1980’'s. The

butterfly apparently has been extirpated, or nearly so, at

its type locality as of 1990. There has been no obvious

human caﬁsedzdisturbance or other deterministic4factor that
could account for the decline. Rather; the decliné is
hypothesized tohbe the result Qf unpredi¢table
environmental events, most notably a series of'unusuallf
warm and dry years in SW Colorado, which could have
populatioﬁ-wide effects on reproduction and sﬁrvival.'

While climatic factors are probably the largest cause of

‘the decline of B. acrocnema, other unpredictable factors

may alsQ have.contribﬁted to the loss of individual
populations.

Southern B. improba group populations were found to be
significantly less genetically variable than northerp and
central populations. Although there is no direct evidence
that this relative lack of genetic variability has affec£ed
B. acrocnema population persistence, it is expected that
long-term survival of any species may be compromised by low
levels of polyﬁorphism and heterozygosity. Allozyme
results from B. titania populafions indicate no significant

loss of genetic variability to the south. Allozyme results
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further indicate that gene flow between, and even within,
. B. improba populations is low. Behavioral studies of B.
acrocnema collaborate this conclusion (Gall, 1984a).

The apparently low levels of gene flow between B.
improba group populations and the disjuﬁct distribution of
southern’popdiations suggest that Wyoming and Colorado B.
improbé;group populations are genetically isolated.
-Genetic similarity estimates and the distributions of
regional alleles suégest thét dﬁring the last glaciai
maximum (18,000 to 20,000 years B.P.) the range of
anéestral B. improba was split into Alaskan refugial
populétiqns and southern glacialfmérgin populations.
‘Subsequent dispersal into an ice-free corridor 12,000 to
10,000 yearé B.P. from Alaskan refugial populations may
have given rise to Britisﬁ Columbia and'Alberta
populations. Results from B. titania support this
vicariance/dispersal hypothesis. B. acrocnema apparently
has had 18,006 ;o 20,000 years_iniessential allopatry to
diverge froﬁ the rest‘of the clade. The taxonomy of the
group is still incompletely resolved, but allozyme and
morphometric data suggest that B. acrocnema is probably a
well differentiated subspecies of B. improba rather.than a
full sister species. | |

Results from extant B. acrocnema colonies indicate
that this butterfly has somewhat more strihgent habitat

requirements than the other members of the B. improba
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group. B. acrocnema colony sites were found fo be most
similar to B. i. harryi sites in Wyoming.

This study yielded several results which may be useful
to any future conservation efforts aimed at B:. acrocnema.
By all evidence, this species is in a decline that may take
it to extinction. There is little maﬁagémenghaction that
can be £éken to ameliorate the effects of.environmental
stoéhasticity. Populations that persist during these
conditioné, however,.cén be somewhat protected from human
caused disturbances, such as'collecting and livestock
grazing, through the banning of such activities by the
federal agencies with jurisdiction over B. acrocnema colony
sites. Ultimately, listing under the U.S. Endangered
Species Act wéuld be the best way to provide protection for
the species; this process is currently underway.

Careful monitoring of the known B. acrocnema colonies
should be done throughout each flight season. A transect
method such as that used in the present study would provide
relative population size data that could be used to track
population trends through each flight season and ove¥
several years. ‘This method should be employed for both
even- and odd-year broods at Red Cloud Peak, CO. Counts
taken on alternate days of each flight season would provide
adequate data on population trends at this location. The

Uncompahgre Peak, CO, colony site should be visited several

times throughout each flight season to ensure that the
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preseﬁce of even a small number of butterflies can Be

. detected. The other three known B. acrocnema locations
should also be visited peribdically over the course of
several flight seasons to de;ermine'if they consistently
support small numbers of butterflies. Finally, the search
should continue for other large B. acrocnema colonies in
‘the San Juan Mountains and other nearby ranges in SW
Colorado. The vicihity of Baldy Chato, 31 . km E of Lake
City, CO, should be a priority ared for a search becaﬁse of
the preéence of sevéral B; acrocnema at the site in 1988.‘
Any new colonies éhould be screened for allozyme
va;iability td providé further infqrmation on the
population structure of B. acrocnema.

Transplantations to re-establish the Uncompahgre Peak
colony or to establish new colonies at other sites should
not be attempted at this time because this would require
the removal of reproductively competent B. acrocnema adults
from the Red Cloud Peak colony. Such action could be a
serious detriment .to tﬁe already declining Red Cloud Peak
" population. | ‘ R |

Artificial transplantations would be prudent undéf two
.sets of ciréumstanées:ﬂ Firstly, assuming that the decline
‘in B. acrocnema numbers'is climate related, a return tb
more normal conditions may éllow the recovery of both Red
Cloud Peak broods, and potentially the evén—year brood at

Uncompahgre Peak to early 1980;5 levels. Theée naturally
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recovered colonies could then be used as sources for
transplahted butterflies. 1In addition, the Uncompahgre
Peak odd~year brood could be re-established through leakage
(a possibility in light of the allbzyme data), or through
colonization® from another site in an odd year. The latter
is unlikely due to‘the lack of nearby sources of founders
and the sédenﬁary nature of B. acrocnema.‘ Secondly, other
large coloéonies of B. acrocnema may be discovered; These
populations could supply individuals for transplantation.
In either case, transplants should be planned to ensure the
existence of both broods at the type locality and Red Cloud
Peak. -A number of similar sites should also be selected
for the establishment of new 9olonies to spread the risk of
extinction among as many sites as possible.

In the event that B..écrocnema is extirpated at both -
known colony sités and.Fhe search for new colonies fails té
find any additional ones; the introduction of B. improba to
former B. acrocnema sites might be C6nsidered. This should
be done only after several years of monitoring at eth site
has revealed that B. acrocnema no longer exists at these
locations; The decision to take such action would be
expedited by the clqrification of the taxonomic status of
B. acrocnema. Managers will want to know whether-an exotic

subspecies or species is being considered for introduction

into the area. Assuming that this question can be
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satisfactorily anéwered, the source of the.iﬁtroductions
would have to be selected. |

B. i. harryi from Wyoming are the most similar to B.
acrocnema both genetically and in terms qf'haﬁitét. This
would appéar to make it an ideal candidate for introduction

into former B. acrocnema colony sites. B. 1. harryi

. populations, however, are the least heterozygous of any

sampled in the B. improba'group'(Table 7). Initially low
levels 6f‘genetic variability, in conjunétion with a
potential founder effect during the introductibns, may
render transplanted populations extremely depauperate
geneticglly. This gould cause ihbreeding depression'in the
short-term and a loné-term inability to adapt to the néw |

environment. Neither case is likely to enhance the

- persistence of the introduced B. i. harryi populations.

Northern B. improba may be a better choice for

introduction into former B.'acrdcnema habitat. The Haines
Junction, YT} and Montana Mountain, YT, populations are only
slightly less genetically similar to B. acrocnema than are

B. 1i. harryi populations (Table-9)‘ In édditioh, these

populations are much more genetically variable than are

.either B. i. harryi or B. acrocnema populations (Table 7).

The additional variability may allow introduced populations
to more readily adapt to their new environment even though
there are some apparent differences in habitat preference

befween the two taxa.

Q
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left ancestral B. acrocnema isolated near mountaintops in
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Central region B. improba are probably the least
suitablé for introduction into SW Colorado in the event of
the demise of B. acrocnema...Although they are quite
heterozygous (Table 7), these popglations are the least
similar genetically to B. acrocnema (TaEle 9).
Addifionally, the habitat of central B. improba is
considerably different from that'df'B. acronema (Figure 9).

Finally, it should be noted that efforts to re-
establish butterfly populafioﬁs have often been
unsuccessful. Pyle et al. (1981) point out that several

attempted butterfly introductions in North America and

England have either failed or have required intensive post-

introduction'monitoring and management including frequent
re-introductions from captive colonies. Thomas (1988),
however, notes that some bﬁtterfly reintroductions.have
been succeséful. In additioq,'Holdfen and Ehrlich (1981X
attempted to establish two Euphydryas gellettii populations
in Colorado with individuals from Wyoming. One transplant
apparently persisted for several years while the other was
extinct after two years. Given that reintroductions may
fail, all reasonable efforts should be made to ensure that
the few extant B. acrocnema populations persist.

Climate change is probably both the creator and

and subsequent warming resulted in a vicariance event that
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SW Colorado. The butterfly is rare, a "classic restricted

endemic" according to the scheme of Rabinowitz et al.

(1986); it is narrowly distributed, a habitat specialist,

and (was) abundant where found. A relictual distribution,

however, does not necessarily make a species prone to

extinction. Indeed, B. acrocnema probably thrived under
these conditiéns for several thousand years.

The decline of B. acrocnema may'providé general
insights into thé,extinction process. If recent climate’
change, or some other environmental pertu;bation, has
pushed B.Nacrocnema té the brink of extinction, it may be
useful to identify those traits that made this species
vulnerable so that other potentially extinction prone
species may be identified. Although the mechanisms_afe not
thoroughly understood, low leyels'of genetic variability
can theoretically affect persistence. The bopulétion
structure of B. acrocnema suggested by allozyme data

indicates that inbreeding depression, with its resultant

~ negative effects on survival and fecundity, could be a

‘potential factor in the short-term survival of this

declining species. In the long run, low levels of
heterozygosity and polymorphism may mean that the species

will be unable to adapt to changing environmental

" conditions such as warmer and drier weather. A

metapopulation strﬁcture coupled with somewhat specific

habitat requirements may result in a decline when climatic
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conditions change enough to eliminate occupancy at marginal
habitat patches. Populations in marginal habitaf patches
could provide "stepping stones" for gene flow between
patches, thus ameliorating the potential negative effects
of inbreeding and the loss of alleles through drift, or act
as reservoirs of colonists to unoccupied sites. Both of
these potential functions of populations at marginal sites
could be iﬁportént in species pgrsistenée.'

A final trait that may make B. écrocnema,Aand species
like it, vulnerable to extinction is its apparent inability
to disperse. Apparently, late season females are fhe only
segment of B. acrocnema populations that have any
propensity to leave colony sites (Gall, 1984aj. The
paradox of a metapopulation of nondispersers‘may be
resolved, if environmental change is seen as a subtle form

of habitat patch loss. - Under good conditions, a few

- dispersers may have a high probability of finding already

occupied sites in which to breed or suitable unoccupied
patches in which to establish new populations. In B.
acrocnema late season'females are aésumed.to carry
fertilized eggs which can be laid at new sites to begin new
colonies (Gall, 1984a). Under less.favorable climatic
conditions, the few dispersers that were adequate in

maintaining metapopulation structure when habitat patches
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- were abundant would be unlikely to find suitable habitat

_patches, occupied or not, and the metapopulation would

collapse.
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