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Summary

1. The causes of lagged population and geographical range expansions after species
introductions are poorly understood, and there are relatively few detailed case studies.
2. We document the 29-year history of population dynamics and structure for a
population of Euphydryas gillettii Barnes that was introduced to the Colorado Rocky
Mountains, USA in 1977.

3. The population size remained low (< 200 individuals) and confined to a single
habitat patch (~2:25 ha) to 1998. These values are similar to those of many other
populations within the natural geographical range of the species.

4. However, by 2002 the population increased dramatically to > 3000 individuals and
covered ~70 ha, nearly all to the south of the original site. The direction of population
expansion was the same as that of predominant winds.

5. By 2004, the butterfly’s local distribution had retracted mainly to three habitat
patches. It thus exhibited a ‘surge/contraction’ form of population growth. Searches
within 15 km of the original site yielded no other new populations.

6. In 2005, butterfly numbers crashed, but all three habitat patches remained occupied.
The populations within each patch did not decrease in the same proportions, suggesting
independent dynamics that are characteristic of metapopulations.

7. We postulate that this behaviour results, in this species, in establishment of satellite
populations and, given appropriate habitat structure, may result in lagged or punctuated
expansions of introduced populations.
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Introduction

Introduced species suffer one of several fates: extinc-
tion; immediate population and geographical expan-
sion; or stasis followed possibly by expansion (reviewed
in Sakai et al. 2001). The factors determining what
occurs and what allows successful invasion remain
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poorly understood (e.g. Ehrlich 1989; Sakai et al.
2001). Stasis/expansion presents the largest problem
for identification of invasion status, and is attributed
generally to lag effects in the population dynamics
(reviewed in Crooks & Soulé 1999). These can be due to
a need for multiple infusions of propagules (e.g. Wing
1943), slow growth or Allee effects at low population
sizes (e.g. Lewis & Kareiva 1993; Grevstad 1999; Mem-
mott et al. 2005), changes in habitat structure allowing
expansion (e.g. Lonsdale 1993; Essink & Dekker 2002;
Rilov, Benayahu & Gasith 2004), invasion of a critical
mutualist (e.g. Parker 2001) or hybridization (reviewed
in Ellstrand & Schierenbeck 2000) or other genetic
change (Thomas et al. 2001). However, stasis/expan-
sion patterns could also occur in species that normally
exhibit episodic outbreaks, such as ungulates (Caughley
1970) or forest pest insects (Myers 1998).
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The traditionally envisioned pattern of geographical
range expansion is a travelling wave converging on a
constant rate of expansion across space, defined by a
combination of the dispersal parameters and the
population growth rate of the organism (e.g. Neubert
& Parker 2004). Modelled expansion speeds differ
between scenarios with constant environments and
with periodic or stochastic environments affecting the
dispersal and/or population growth parameters (Neu-
bert, Kot & Lewis 2000b; Neubert & Parker 2004). In
periodically fluctuating environments spread may not
be constant, but rather the organism may invade new
areas in one generation and retreat the next generation
in a ‘surge/contraction’ pattern, depending on model
parameters (Neubert ef al. 2000b). Further, in both
constant and variable environments, the shape of the
dispersal kernel (distribution of movement distances)
influences whether the population’s expansion rate
converges to a constant rate. If there is an excess of
long-distance dispersers, the expansion rate may accel-
erate with time (Kot, Lewis & Van den Driessche 1996;
Neubert & Caswell 2000a; Neubert et al. 2000b). In the
extreme, populations experiencing episodic outbreaks
have large fluctuations in both their demographic and
dispersal parameters and potentially also in the shape
of the dispersal kernel. Such populations may exhibit
outward migration from what is, in effect, a temporary
source population, resulting in temporally and/or geo-
graphically staggered pulses of expansion surges across
a landscape. Depending on the details of variation in
demographic and dispersal parameters, these expan-
sion surges may result in the establishment of new
viable populations and permanent range expansion.
Alternatively, the surges may be followed by total or
partial contraction of populations to the original geo-
graphical distribution in a pulsed surge/contraction
pattern. This alternative scenario may also be respon-
sible for the establishment of satellite populations
around an original core population.

These alternative scenarios will determine the rate
and pattern of range expansions. Understanding these
patterns is a precursor to insight into the processes
associated with successful catastrophic invasions. Such
patterns may also elucidate the dynamics of range
expansions unaided by humans, via establishment of
new populations.

Here we document the 29-year history of the popu-
lation size and structure of an introduced population of
the butterfly Euphydryas gillettii (Barnes) (Nymphalidae)
in Colorado, USA. This population, located in the
southern Rocky Mountains, lies to the south of the
butterfly’s natural range, which extends from Wyoming
north to southern Alberta. A large number of prop-
agules was introduced intentionally into habitat that
matched the habitat of the donor population as closely
as possible (Holdren & Ehrlich 1981), yielding maximal
chances for population establishment and expansion.
Here we report that the introduced population remained
small for about 2-5 decades, expanding recently by

more than an order of magnitude and then contracting.
Placed in the context of our current understanding of
invasion biology, this relatively detailed case study illu-
minates both invasion dynamics over an intermediate
time-scale of decades and patterns associated with
range expansion from suitable habitat.

Materials and methods

STUDY SITE AND INSECTS

The study population is located at Gothic, Gunnison
County, Colorado, USA [38°57-5'N, 106°59-6" W,
2912 m above sea level (asl)] (Fig. 1). The introduction
site, referred to hereafter as the origin patch, is an east—
north-east sloping area of ~2-25 ha at the base of an
avalanche run-out zone on Gothic mountain, with
small streams and active beaver ponds (Holdren &
Ehrlich 1981). Beaver and avalanche activity are dis-
turbances that help maintain the habitat, which reverts
otherwise to tall willows and/or spruce forest with time.
The origin patch is a meadow with clumped spruce
[Picea engelmannii Parry ex Engelm. (Pinaceae)],
willow [Salix spp. (Salicaceae)], bog birch [Betula
glandulosa Michx. (Corylaceae)], abundant larval host
plants [primarily Lonicera involucrata Banks ex Spreng.
(Caprifoliaceae), but also Valeriana occidentalis Heller
(Valerianaceae)] and adult nectar plants [e.g. Senecio
triangularis Hook., Erigeron spp. (Compositae) and
Heracleum lanatum Michx. (Umbelliferae)]. Casual
observations in this patch indicate increases in height
of spruce and height and coverage of willows, and
decreases in channelization of some streams over the
course of the 29-year study.

Two other habitat patches, Barclay (~0-6 ha) and
avalanche (0-3 ha), lie 400 m and 565 m, respectively,
to the south-east of the centre of the origin patch,
downstream along the East River. These patches were
initially unoccupied. Both are on east-south-east slop-
ing areas at the base of avalanche run-out zones, and
contain small streams and active beaver ponds. Barclay
is the steepest site of the three and contains abundant
willows and old avalanche debris, along with larval
host plants and adult nectar plants. Avalanche is the
most open patch with most vegetation under 0-5 m,
except for scattered spruce and a boundary of willows
> 1 m tall.

Euphydryas gillettii is univoltine, flying for 3—
4 weeks in late June-late July. Males locate female
mates either by searching or by perching on tall spruce
or willow (Kulahci & Boggs in preparation). Females
lay eggs in clusters on the underside of the host plant
leaves near the top of the plant, exposed to morning
sun (Williams 1981; Carrillo & Boggs in preparation).
Pre-diapause larvae spin webs that incorporate sequen-
tially more basal leaves as they are eaten. Larvae gen-
erally diapause over the winter in the 4th instar, and
have been reported to diapause as early as the 2nd
instar elsewhere (Williams, Holdren & Ehrlich 1984).
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Fig. 1. Topographic relief map of the study area in Gunnison County, Colorado, USA. The three habitat patches, origin, Barclay

and avalanche, are marked.

Post-diapause larvae feed individually after snow melt
and pupate near the host plant.

POPULATION SIZE ESTIMATION

Population estimates were carried out using a combi-
nation of mark-release-recapture (mrr) of adults and
counting of egg clusters and/or larval webs. Due to the
length of the study and fluctuating opportunities to
spend time monitoring the population, methods used
to estimate population size varied among years. We
attempted mrr on adults each summer from 1978 to 1989,
and again from 2002 to 2005. Butterflies were captured
and a number marked on the wings. The butterfly’s number,
subsite of capture (for 1984-89, 2003-05), sex and
wing wear (on a scale of 1-3: a surrogate for age) were
recorded, and the butterfly was released at a central
point within the subsite. Subsites used for movement
analysis were located in the origin patch only (Fig. 2).
Marking was carried out at intervals ranging from
every day to once a week throughout the adult flight
season, except in 2002, when two sets of 2-day marking
sessions were conducted, 10 days apart from each other.

We estimated population sizes in the origin patch for
adult females and males separately in years with suffi-
cient recaptures and frequency of marking (1981-86,
2003-05). We used the Jolly—Seber (Jolly 1965; Seber
1982) algorithm to estimate daily population sizes
from mrr data, then interpolated daily population sizes
for days on which mrr was not performed. The esti-
mated total population size for each sex is the sum of all
daily population sizes multiplied by (1 — ¢), where ¢ is

the daily survivorship rate. We used a recapture—decay
procedure to estimate ¢ (Watt ez al. 1977), except for
femalesin 1981 and 1983, when we used Scott’s average
o (Scott 1973; Watt et al. 1977). This was performed
because the recapture—decay estimates of ¢ for females
were very low in these years, considerably lower than
that of males, and because Scott’s average ¢ is some-
what less sensitive to gaps in sampling (Watt et al.
1977). The total population size is then the sum of that
for males and females. The 1980s data meet the Jolly—
Seber assumption of a closed population. For 2003 and
2004 there was < 2-5% movement into the origin patch
based on recapture records. No movement among
patches was detected in 2005.

The population size in the origin patch in 2002 was
determined by using two Lincoln indices to estimate
population size at two time-points 10 days apart. These
daily estimates were then compared with daily and
total estimates for other years with longer-run mrr, and
total population size was inferred.

In some years, egg cluster or larval web counts are
more reliable than adult population estimates, because
mrr was performed on an infrequent basis or not at all
(1989, 1998) or few to no adults were seen (197880,
1987-89). We marked and counted egg clusters and/or
larval webs in the origin patch in 1978-89 and counted
them in mid-August 1998 and in 2002, 2004 and 2005.
We also counted egg clusters in the Barclay patch in
2003, in the avalanche patch in 2004 and in both of
those patches in 2005. In all years except 1998, egg clus-
ter counts were performed throughout the season. In
1998, counts are based on 1-5-h search time on each of
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2 consecutive days. We then regressed the number of
egg clusters or webs on number of adults in years when
good estimates were available for both adults and eggs
(1981-86) and used that regression to estimate number
of adults in years with unreliable adult mrr data, and in
the Barclay and avalanche sites. We used a natural log
transformation of number of egg clusters and number
of adults to achieve normality prior to regression.

Finally, we visited the origin site in mid-flight season
on 1 day in 1990-93, to assess whether the population
was still extant.

POPULATION STRUCTURE AND LOCAL
GEOGRAPHICAL DISTRIBUTION

We calculated adult movement distances for 1984,
1985, 2003 and 2004 based on subsite capture/recap-
ture data gathered in the course of estimating adult
population size in the origin patch. In each of these
years, we recaptured more than 20 individuals. Distances
were measured between subsite centres. In 200304,
subsite mapping was carried out using Trimble global
positioning system (GPS) units, with an accuracy of
+ 3 m (Fig. 2). Origin patch subsites used in the 1980s
were taken from maps drawn in the 1980s that incor-
porated local landmarks. Subsites 1, 2, 4, 6 and 8 are
identical among all years; subsites numbered 3, 5 and 7
in 2002-04 were treated as one subsite in the 1980s.

-5 <
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| e e Meters|
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To examine movement propensity within the origin
patch only, we divided the total distance moved by an
individual across all its recaptures by the number of
recapture events. Because the resulting individual dis-
tances per recapture event were not normally distrib-
uted, we used Kolmogorov—Smirnoff two-sample tests
to examine differences among years and sexes. Differ-
ences in the intensity of the recapture effort, which
might influence measured distances, were examined by
testing for differences among years and sexes in the
number of days between recaptures and the number of
recaptures per individual, again using Kolmogorov—
Smirnoff two-sample tests.

Differences in movement propensity may have been
influenced by weather conditions or population size.
The closest weather station to the site did not start
operating until 1989 (see below); therefore, we used
data from the National Weather Service Cooperative
Network Station at Crested Butte, Colorado, 12 km
from the site (38°52" N, 106°58" W, 2726 m asl). Adult
flight occurs predominantly in July. Hence we regressed
total July precipitation or mean maximum temperature
on distance moved per recapture.

Areas surrounding the origin patch were searched
annually from 1978 to at least 1987 for egg masses or
larval webs. During these years, the search was concen-
trated in areas along the East River to the south and
north of the origin patch (see Fig. 1).

AVAIETIGHE

Fig. 2. Aerial photograph showing origin patch subsites used in butterfly mark-release-recapture studies in 2003-05. Subsites
3, 5 and 7 were combined into one subsite for mark—release-recapture work in 1978-89; all other subsites were the same in all

years. Dark patches in subsites 1 and 3 are beaver ponds.
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Fig. 3. Topographic relief map of the region surrounding the study area. Shaded areas outlined in white indicate river valleys
searched in the 2000s for new Euphydryas gillettii populations. The origin patch is marked for reference.

In 200205 all butterflies caught outside the origin
patch, whether in the course of mrr or as incidental
encounters, were marked and released. Locations of
adult capture or of egg masses found outside the three
habitat patches in 2002-05 were located on an aerial
photograph. Additionally, we searched a broader area
(Fig. 3) for new populations in 2002—05, including the
area surrounding a second (failed) introduction at Pio-
neer Resortin 1979 (Holdren ez al. 1981). Areas searched
included possible habitat, defined as exposed to morn-
ing sun, wet, containing larval host plants and adult
nectar plants, and below 3200 m asl (Williams 1981;
Williams 1988; Bonebrake & Boggs in preparation).

To test whether the geographical direction of the
population expansion followed the prevailing wind
direction, we used wind data from an EPA CASTNET
weather station located at Gothic (http://www.epa.gov/
castnet/metdata.html), 800 m from the origin patch
and 500 m from the avalanche patch. Continuous data
from this site are recorded on hourly intervals. We used
data from 9 : 00-16 : 00 MST, 15 June—24 July 2002,
which covers the adult flight period. Histograms of
hourly wind direction were used to split wind direction
into categories based on count frequencies. We exam-
ined differences in hourly wind speed among these
categories using an analysis of variance (ANOVA).

Results

POPULATION SIZE

Adult population size (n) showed a significant positive
relationship with number of egg clusters (EC) in the
origin site (InN=2-044 + 0-698*InEC, F,,=19-42,
P=0-01, 7* = 0-83). This equation was used to estimate
population size in years prior to 2002 with inadequate
or no adult mark-release, and to estimate population
sizes in the avalanche and Barclay patches.

Yearly changes in population size for the origin
patch are shown in Fig. 4. The number of egg clusters
released was demographically equivalent to a founding
population of 169 individuals, although those eggs
came from roughly 40 females, which laid eggs in the
laboratory (Holdren et al. 1981). The population went
through a bottleneck in 1979, when five egg clusters but
no adults were seen (Holdren ef al. 1981). We can now
estimate that the bottleneck population size was 24
individuals, based on the number of egg clusters. The
population recovered in the early 1980s, shrinking
again in the late 1980s. Few adults were seen during a
partial day visual survey in each of 1990 and 1991, and
only one adult was marked in the patch in the partial
day spent catching in each of 1992 and 1993. This
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Fig. 4. (a) Adult population trajectory with time in the origin
patch. The population size in 1990-93 was low, but values
were not determined. (b) Expansion of the graph for 1977-
2000.

suggests that the population was not notably larger or
smaller than during the 1980s. The egg cluster survey in
1998 gave an estimated population size of 24, suggest-
ing another bottleneck.

The mean annual adult population size (£ SD) from
1978 to 1998 was 72 (+ 41). By 2002, however, the pop-
ulation exploded, with an estimated 3000 adults in the
origin patch, and remained above 1500 adults in this
area in 2003 and 2004. In 2005, the population in the
origin patch crashed to 150 adults.

In 2002-05, the population also expanded south to
include two other habitat patches, Barclay and ava-
lanche (Fig. 1). Adult densities in these two newly
occupied patches were about half that of the origin
patch in 2003 and 2004, based on extrapolations from
egg cluster counts (2003: origin 851 adults/ha, Barclay
274 adults/ha; 2004: origin 743 adults/ha, avalanche

343 adults/ha). The decline in population densities
observed in 2005 was not uniform across patches, with
the avalanche patch retaining a higher density of adults
(2005: origin 67 adults/ha, Barclay 13 adults/ha, ava-
lanche 153 adults/ha). These data suggest independent
population fluctuations among the patches, which is
characteristic of metapopulations.

POPULATION STRUCTURE: DISPERSAL
WITHIN THE ORIGIN PATCH

Dispersal distance per recapture within the origin
patch did not vary between the sexes (Table 1; K-S,
P =0-67). However, the distance was greater in 2003
and 2004 (after the population outbreak) than in 1984
and 1985 (before the population outbreak) (Table 1;
P <0001 for 1984 + 1985 vs. 2003 + 2004; pairwise
comparisons show the same pattern). This difference
pre- and post-population outbreak cannot be explained
by differences in the total number of recaptures per
individual. That number did not differ among years,
except that it was significantly lower in 2003 than in
2004 (K-S, P = 0-006). Additionally, the pattern of dif-
ferences among years in the mean number of days
between recaptures did not break down to pre- and
post-population outbreak, as the values for 2003 were
not different from those for 1985 (K-S, P =0-10).

Dispersal distance per recapture within the origin
patch was not significantly affected by mean maximum
July temperature (F;,=0-91, NS). However, move-
ment increased significantly with decreasing total July
rainfall, even when total population size was included
in the regression (rainfall coefficient = —16-14, 1 = =209,
P =0-03; regression F,; =2427, P=0-01). This sug-
gests that time available for flight influenced movement
within the origin patch.

POPULATION STRUCTURE: CHANGES IN
LOCAL GEOGRAPHICAL DISTRIBUTION

Euphydryas gillettii adults were caught outside the ori-
gin patch only once between 1978 and 1980 (Holdren
et al. 1981) and never between 1981 and 1989. No egg
masses or larval webs were found during searches out-
side the origin patch during this time, with the sole
exception of an egg cluster found 165 m downstream

Table 1. Dispersal distance (in metres) per recapture event within the origin patch. Data are means + standard deviation, with

sample size in parentheses

Year
Sex 1984 1985 2003 2004 All
Male 21:4 +257 14-0 £ 226 482+ 44-2 54-0 £36-8 44-1+39:0
(20) (12) (34) (68) (134)
Female 11-7+£ 207 48-8 £57-0 62-8 +50-3 49-8 £38-4 50-7 +44-3
(11) (11) (44) (88) (154)
Both 18:0 £ 264 306 £452 56:5+48-0 51:6 £37-6
31) (23) (78) (156)
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Fig. 5. Aerial photograph with the primary area occupied by the expanding Euphydryas gillettii population in 2002 outlined in
black. The predominant wind direction (Table 2) is indicated between the two arrows.

Table 2. Wind direction hourly counts and hourly speed. Direction is in degrees, and is the direction from which the wind is
blowing. Wind speed is mean hourly speed + standard error. With the exception of categories 1 and 2, all pairs of wind speed are
significantly different at P = 0-03 or better (post-hoc Bonferoni pairwise comparisons; see text)

Wind direction category

1 2 3 4
Degrees 15-90 90-150 150-300 300-15
Counts 18 84 52 122
Speed (m/s) 2:21£0-23 1-66 £0-11 1-119£0-14 3-:07 £ 0-09

(south-east) from the edge of the origin site in 1 year.
Additionally, in the course of fieldwork on other
projects in the vicinity of the origin patch during the
1990s, neither Ehrlich nor Boggs saw adult E. gillettii,
egg masses or larval webs.

As defined by presence of egg masses or larval webs,
the local geographical distribution of the population
expanded 30-fold, from 2:26 ha in the 1980s to 70-4 ha
in 2002 (Fig. 5), concurrent with the population size
explosion. The furthest adult capture event was 6-5 km
south-east of the origin patch and was a female who,
after release, continued moving south-east away from
the origin patch. However, searches in 2002—05 of pos-
sible habitat have not yet yielded any disjunct popula-
tions of E. gillettii within the areas shown in Fig. 3.

Although E. gillettii was spread over a broad area in
2002, locations in which adults were captured con-
tracted towards the three habitat patches in 200305
(Fig. 5). The number of larval webs found in areas to

the north, east or south of the origin, Barclay and
avalanche patches also decreased (91, 13, 5 and 1 in
2002, 2003, 2004 and 2005, respectively), and anecdotal
evidence suggests that the same pattern occurred on
the west side of the origin patch (upslope along Gothic
Mountain) (CLB, TCB, IGK personal observations).
These data indicate an initial generalized expansion,
followed by a retreat into more suitable habitat.

Counts of mean hourly wind direction allowed us to
define categories of wind direction, with winds down-
valley from north to south predominant (Table 2).
Mean hourly wind speed differed among these direc-
tion categories (Table 2; F; 5, =59-5, P <0:001). The
predominant wind direction had a greater speed than
that of other wind directions (Table 2).

The two newly colonized habitat patches lie within
the 20° arc describing the predominant wind direction
out of the origin patch (Fig. 5). Additionally, only one
egg mass and no adults were found during searches
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Table 3. For origin and avalanche patches, proportion of recaptured individuals within a patch that originated in the alternative
patch and resulting Nm. Population size estimation is based on mark-release-recapture in the origin patch, and on number of
larval webs in the avalanche patch in 2004. No reliable population size estimate is available for the avalanche patch in 2003

Year

2003 2004
Sex To origin To avalanche To origin To avalanche
Male 0/36 (0-0%) 0/3 (0%) 0/68 (0%) 1/5 (20-0%)
Female 1/44 (2-3%) 2/14 (14-2%) 2/90 (2-2%) 0/9 (0-0%)
Nm 22 21 8

north of the origin patch in 2002, and none were found
in 2003-05.

POPULATION STRUCTURE: DISPERSAL
AMONG PATCHES

Dispersal in 2003 and 2004 between the two furthest
patches, origin and avalanche, ranged from 0 to 2-:3% of
recaptures in the origin patch coming from avalanche
and 0-20% of recaptures in the avalanche patch com-
ing from origin, among sexes and years (Table 3). The
overall proportion of recaptured individuals that
moved between patches was not significantly differ-
ent among sexes (x*=0:974, 1 d.f., NS) or years
(x*=0-042, 1 d.f., NS). There was no directionality of
movement among patches for recaptured individuals.
Two individuals moved from the origin to the ava-
lanche patch, two moved from avalanche to origin and
one moved from the origin to avalanche patch and back
to the origin patch. These dispersal frequencies trans-
late to an estimated Nm (effective population size times
the proportion of the population migrating) greater
than 1 (Table 3) for each patch, indicating that the
patches are linked genetically at least at large popula-
tion sizes.

Discussion

The introduced population of FEuphydryas gillettii
maintained a relatively small and localized population
for at least 21 (and probably 25 or 26) years, before
increasing by more than an order of magnitude in num-
bers of individuals and 30-fold in local geographical
distribution and then crashing abruptly. The population
size observed at Gothic in 2002-04 is large in com-
parison with many known native E. gillettii populations.
For example, Williams (1988) records only four of 15
surveyed populations within the native range as having
greater than 30 individuals.

The results here contrast with those of Williams
(1995), who conducted introduction experiments with
E. gillettii within the species’ range in the Greater Yel-
lowstone Ecosystem after the Yellowstone fires in 1988.
He evaluated the likelihood that a single egg cluster
could result in colony establishment in newly disturbed
habitat. Of eight suitable habitat patches (four burned

and four open), a population established at only one
site (a burned site). This population expanded within
2 years to ~35 egg clusters (Fig. 2 in Williams 1995),
which is in the range of that observed in Colorado dur-
ing the 1980s. The population also expanded along a
stream, occupying an area of about 1-5 ha (based on
Fig. 1 in Williams 1995), yielding population densities
similar to those seen in Colorado during the 1980s. The
fates of the experimental Yellowstone and Colorado
colonies differed, however. The Yellowstone colony’s
population size dropped in the third year and went
extinct in the fourth year, due probably to flooding that
destroyed particular host plants favoured for oviposi-
tion (Williams 1995).

POTENTIAL CAUSES OF THE POPULATION
EXPLOSION

The causes of the Colorado population outbreak
remain to be determined, but several hypotheses are
plausible which are not mutually exclusive. First, the
outbreak occurred after several years of dry winter
weather with low avalanche activity and early snow-
melt dates, which began in 1999 (W. Barr, unpublished
snowfall and avalanche data for Gothic). Such condi-
tions might increase larval over-winter survival and/or
the time available to larvae to feed prior to diapause. A
second possibility is evolutionary change in the Colo-
rado population. Over ~25 generations, selection may
have operated on traits that allow greater survival or
higher fecundity in the new habitat. A third possibility
is that the habitat quality or structure changed since the
introduction, reaching a threshold quality that allowed
the population outbreak. However, casual observa-
tions suggest that nectar or host plant availability have
not improved dramatically over this time period.
Finally, non-linear population dynamics resulting
from an interaction with generalist pupal parasitoids
could have played a role in the butterfly’s population
dynamics (e.g. Blarer & Doebeli 1999).

IMPLICATIONS FOR POPULATION
STRUCTURE

The increase in the area covered by the expanding E.
gillettii population was remarkable for its directionality.
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Patches to the south of the origin patch were colonized
and almost no adults or egg masses were discovered to
the north, despite repeated searches. Because at least a
few suitable habitat patches occur north of the origin
patch, we did not expect the strong southerly bias in
distribution of adults and egg masses. However, this
bias was in the direction of the prevailing winds, which
may have a strong influence on movement direction,
given the generally sedentary nature of the butterfly
and indeed of other members of the genus (Ehrlich &
Hanski 2004).

Nonetheless, movement between patches in 2003
and 2004 was not directional, at least with the small
sample sizes observed. This suggests that prevailing
winds may not explain fully the expansion’s southerly
bias, but that some aspect of the habitat to the north
may be a barrier to movement or some aspect of the
habitat to the south may serve as a corridor.

Given that checkerspots as a group include classic
examples of different types of metapopulation struc-
ture (Ehrlich & Hanski 2004), the question arises as to
whether we have observed the birth of a metapopula-
tion or whether the Colorado E. gillettii simply are now
a larger, patchy population. Based on movement pat-
terns the patches are linked genetically, at least at the
population sizes seen from 2002 to 2004. The popula-
tion decline of 2005 was not synchronous in intensity
among patches, however. Dynamics in patches in
equally close proximity were also correlated poorly for
E. editha Boisduval at Jasper Ridge, Stanford Univer-
sity, San Mateo County, California (Ehrlich & Mason
1966; Hellmann et al. 2003). In that case, the independ-
ence was due to differences among patches in topo-
graphy, which differentially mediated effects of climate
on population dynamics. In the present case, differences
in hydrology or disturbance regimes (e.g. avalanche
frequency or beaver activity) contribute most probably
to differences in patch dynamics.

Nonetheless, the ‘surge/contraction’ form of popu-
lation expansion observed in 2002-05 suggests that
exchange among subpopulations within a metapopu-
lation, or colonization of empty patches, does not always
occur as a continuous process. Rather, in species such
as this, colonization probabilities vary due to changes
in demographic and/or dispersal parameters over time
and/or space. Both genetic structure and patch occu-
pancy patterns would be affected. In cases of large
numbers of subpopulations within a metapopulation,
the effect of variation in demographic or dispersal
parameters may be detectable only if that variation is
correlated temporally among sets of subpopulations.
However, in populations with a core-satellite structure,
the effect of such variation on observed occupancy pat-
terns and genetic structure, and on longer-term extinc-
tion probabilities, may be more dramatic.

Finally, this work again indicates the great value
of long-term experiments and monitoring, even if
not pursued intensively (Ehrlich, Hanski & Boggs
2004).
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