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Monarch butterflies (Danaus plexippus) of the eastern North American population migrate
each fall from the northern U.S.A. and southern Canada to overwintering sites in Mexico
and return the following spring to the southeastern U.S.A. where they lay eggs and then
die. The spring remigration is the least studied phase in the annual migration cycle.
We therefore conducted a mark-recapture study and examined population recolonization
dynamics and residence time in a north-central Florida pasture where the monarch’s milkweed
host plant (Asclepias humistrata) was abundant. Beginning in late March 1995 two waves of
monarchs arrived, their numbers peaked at 71 individuals by mid-April, and the butterflies
disappeared in early May. After arriving, the adults remained for 3-5 days, laid eggs and
then continued to migrate. We also compared population sizes and arrival times in 1994
and 1996. We found no evidence of a second spring generation, which was also consistent
with the deteriorating quality of the A. humistrata plants. Individuals of the new spring
generation disappear shortly after eclosion. The arriving population was approximately nine
times greater in 1995 than in 1996. Our findings support two recent hypotheses: (1) the
bird-like migration of the monarch butterfly in North America evolved with the northward
expansion and phenology of milkweeds; and (2) monarchs appear to be migratory throughout
their annual cycle of several generations. By lingering for only a short time at each milkweed
patch they encounter, the old monarchs returning from Mexico locate the resurgent mitkweed
flora over an extensive area in the southern states. Then, within less than a month, their
fresh offspring continue the migration and exploit the unfolding cornucopia of milkweeds as
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the spring advances northward. The more we discover about the biology of this insect, the
more remarkable is its annual migratory, breeding and overwintering cycle.

© 1999 The Linnean Society of London

ADDITIONAL KEY WORDS:—evolution of butterfly migration — residence time — Mexico
— Gulf Coast states — Eastern North America — population dynamics.
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INTRODUCTION

The monarch butterfly (Danaus plexippus L., Nymphalidae) exhibits enormous
intraspecific variation in its population structure and dynamics. These include
continuously breeding resident populations in south Florida (Knight, 1998), the
Caribbean, and Central and South America (Urquhart, 1960; Urquhart & Urquhart
1976; Janzen, 1983; Ackery & Vane-Wright, 1984; Haber, 1993) and long-lived
migratory populations in North America, both east and west of the Rocky Mountains,
in which individuals spend up to 6 months in reproductive dormancy (Herman,
1973; Barker & Herman, 1973; Brower, 1985). Within the eastern North American
population, three to four spring and summer breeding generations are produced,
with some exposed to temperature regimes and host plant species different from
those encountered by their progeny (Malcolm et al., 1987; 1993; Brower, 1996).

Few studies have been done on the structure and dynamics of breeding populations
of monarchs (Malcolm et al., 1987). Mark-recapture studies have been done in
Australia (Zalucki & Kitching, 1984; Zalucki & Suzuki, 1987) where both monarchs
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and their food plants had become established by 1870 (Vane-Wright, 1993). It may
be argued, however, that because the populational origins both of the founding
monarchs and their milkweed foodplants in Australia are unknown, interpretations
of their population biology may differ from North American monarchs.

The eastern North American monarch population

Each autumn monarch butterflies east of the Rocky Mountains migrate from
their breeding range in southern Canada and the northeastern and central U.S.A.
to overwintering sites in high elevation conifer forests of central Mexico. Before
beginning their southward journey, monarchs emerging in late summer and early
autumn enter reproductive diapause (Urquhart, 1960), a period when various
reproductive organs exhibit a reduced response to favourable, summer-like breeding
conditions (Herman, 1981). Although diapause in monarchs is associated with
changes in photoperiod and temperature, the relative roles of these factors and the
induction, maintenance, and termination of diapause are not well understood (Barker
& Herman, 1976; Herman, 1981). After reaching Mexico in early November, the
monarchs spend the winter in a semi-dormant state, clustering by the millions in
Oyamel fir trees (Abies religiosa H.B.K. Schl. & Cham., Pinaceae) that serve as a
thermal blanket and umbrella for protection against freezing and wetting (Anderson
& Brower, 1996). The estimated density of monarchs in the Mexican overwintering
sites 1s approximately 10 million butterflies per hectare, with some colonies up to
3.34 ha in extent (Brower & Calvert, 1986).

With the approach of the spring equinox, reproductive diapause ends and the
overwintering clusters begin to break apart (Herman, 1981, 1986; Herman et al.,
1993; Van Hook, 1996). A mass mating event ensues, although many females begin
the spring remigration without having mated (Van Hook, 1996). From mid-March
to early April both sexes migrate to the Gulf Coast states, continue to mate and the
females oviposit upon the newly emergent spring milkweeds. Malcolm et al. (1993)
determined through cardenolide fingerprinting of the butterflies that recolonization
of the northern breeding range is accomplished primarily by the northward and
northeastward migration of the subsequent new generation of monarchs produced
in the Gulf Coast states. The extent to which the remigrating monarchs from Mexico
continue moving northward after encountering and laying eggs on the southern
milkweeds has never been quantitatively studied, although a few remigrants do make
it as far north as Maryland and Kansas (Fales, 1984; Brower, 1995).

Spring remigration to north-central Florida

Successful establishment of a new spring generation is inextricably linked to the
arrival time of remigrants in the Gulf Coast states. If monarchs arrive too early in
March, frost may kill back the milkweeds, leading to starvation of newly hatched
larvae (Brower, unpublished data). If they arrive too late, i.e. mid to late April, the
milkweeds will have begun to become senescent (this study). Hence, there is only
about a 3 week window when monarchs can successfully establish the new spring
generation. Malcolm et al. (1993) provided evidence that the remigrants from Mexico
arrive almost simultaneously in the Gulf Coast states from Texas to Florida, but
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that the number of remigrants decreases eastward. Consequently, the remigration
into Florida is small in comparison to that farther west along the Gulf Coast states
of Texas and Louisiana (Cockrell ¢f al., 1993; Lynch & Martin, 1993; Malcolm et
al., 1993; Riley 1993). The fact that very few monarchs are found east of the
Appalachians in June and July compared to the Midwestern states supports the idea
that the first spring generation is produced largely in Texas and Louisiana rather
than in the more eastern Gulf Coast states (Brower, 1996).

Although Florida is the easternmost edge of the spring remigration, observations
made since 1981 have indicated that monarchs consistently return each March to
north-central Florida, where females oviposit on Asclepias humistrata L. (Ascle-
piadaceae), the sandhill milkweed (Cohen & Brower, 1982; Malcolm et al., 1987,
1993; Cockrell et al., 1993; Zalucki & Brower 1992). This milkweed occurs naturally
in well drained sandhill areas and in dry oak forests and pine-scrub habitats from
North Carolina to central Florida and westward to Louisiana (Woodson, 1954;
Clewell, 1985; Wunderlin, 1982; Bell & Taylor, 1982. In north-central Florida it is
also found in overgrazed, well-drained sandy pastures (pers. observ.).

Cardenolide fingerprint analyses of 159 adult monarchs (Knight, 1998) captured
in north-central Florida in March and April during the 1980s and 90s showed that
at least 69% had fed as larvae on Asclepias syriaca L., a milkweed that occurs across
the monarch’s summer breeding range in the northeastern U.S.A. Because A. syriaca
does not naturally occur south of Virginia (Woodson, 1954), the fingerprint analyses
confirmed that the majority of the early spring monarchs in north-central Florida
(1) had to have developed in the north during the previous summer and (2) and
were spring remigrants that had overwintered rather than a new generation of
monarchs produced in southern Florida or elsewhere in the tropics. (If the latter,
they would have exhibited the A. curassavica cardneolide fingerprint; Knight and
Brower, in prep.). These data, together with over a century of natural history
observations (Brower, 1995), indicate that most of the north-central Florida monarchs
had overwintered in Mexico.

This study

Our study focuses on monarchs that returned from their Mexico overwintering
sites in 1994-1996 to a 1 ha pasture with abundant A. humistrata milkweeds in north-
central Florida. These monarchs represent a sample of the migratory eastern
monarch population which may be considered effectively panmictic because the
butterflies’ migration and aggregation behaviours thoroughly mix the adults prior
to their mating at the end of the overwintering period (Van Hook, 1993; Wassenaar
& Hobson, 1999). Although we refer to the Cross Creek monarchs as a population,
they clearly are not genetically isolated from the rest of the eastern population. We
use the term population as loosely defined by Krebs (1994: 151) as “a group of
organisms of the same species occupying a particular space at a particular time.”

Our purpose was to determine basic population characteristics of spring remigrants
flying from their overwintering area in Mexico to a breeding site in north-central
Florida. Specifically, we addressed the following questions: (1) How large does the
north-central Florida population become during the spring remigration and how
does it change as spring progresses? (2) Do monarchs arrive in one or several waves?
(3) Is the remigrant population augmented by emergence of the new generation of
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offspring? (4) Do the remigrants lay all their eggs once they encounter a substantive
milkweed patch and die, or do they continue migrating northward? (5) Do the sexes
have similar residence times in the milkweed patch? (6) How do the numbers of
butterflies and their arrival times vary from year to year?

METHODS

We used mark-recapture population estimates, wing wear data, and egg and
larval census data in 1995 to investigate the questions listed above. We also compared
relative population sizes for 1995 and 1996 using the number of adult monarchs
caught per person hour. Additionally, we conducted comparative egg and larval
censuses during 1994-1996.

The study site

Our ‘Cross Creek’ study site was located in Alachua County in north-central
Florida, approximately 20 miles SE of Gainesville (29°32'N; 82°11'W) near the
town of Cross Creek and consisted of a cattle pasture (ca. 1 ha) containing several
hundred sandhill milkweed plants, A. humzstrata. Several large longleaf pines, Pinus
palustris Mill. (Pinaceae) were scattered through the pasture which had not been
treated with herbicide, allowing the establishment of A. humustrata as well as other
herbaceous species undesirable for cattle, including prickly pear cactus, Opuntia
humifusa Raf. (Cactaceae), tread softly, Cnidoscolus stimulosus (Michx.) Engelm. & Gray
(Euphorbiaceae), and yellow thistle, Cirsium horridulum Michx. (Compositae). The site
was bounded on the north, east and west by ‘improved’ grass pasture that contained
virtually no milkweeds or other nectar sources, and to the south by County Road
345 and a commercially planted slash pine, Pinus elliottiz Engelm. (Pinaceae) forest.
A 20 m wide strip of mature live oaks, Quercus virginiana Mill. (Fagaceae) separated
the site from the neighboring pasture to the east.

Although scattered A. Aumistrata plants occur in the upland habitats of the nearby
Lochloosa forest as well as along the well-drained sandy road margins in this area
of north Florida, the large, dense milkweed patch at our Cross Creek site is relatively
isolated. We surveyed pastures in southern Alachua County and in adjacent portions
of Levy, Marion, and Putnam Counties. None had more than a few A. humistrata.
Other species of milkweed occur in the area, but are scattered, localized and much
less abundant (Woodson, 1954; Moranz & Brower, 1998).

Mark-recapture techniques

Our mark-recapture study was conducted from 26 March to 30 April 1995. We
captured monarchs daily (except on 3 rainy days) from 26 March to 12 April and
then approximately every other day until 30 April (Table 1, but see ‘Population
estimates’ below for why we deleted 1 April). Butterflies were netted for a 1 h period
by one person between 10:00 and 13:00h eastern daylight time. Two exceptions
were 27 March when two persons captured for a total of 1.3h and 2 April when
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two persons captured for a total of 2 h. No adult monarchs were seen in the pasture
at the end of the sampling periods. Upon capture, each butterfly was placed in a
glassine envelope and held in a cooler containing artificial ice packets. At the end
of the collection period, each unmarked monarch was sexed, tagged with a numbered,
gummed label that was press-applied to the right forewing, and its wing condition
was recorded in increments of 0.5, from 1 (very fresh, virtually no scales missing) to
5 (very worn, many scales missing). Individual numbers, sex and condition of recaptures
were also recorded. We then rechilled all the butterflies in the cooler for about 10
minutes and individually placed them on Live Oak trunks in the shade to minimize
escape responses that might cause them to leave the study site. Within about 5 minutes,
the butterflies warmed to flight threshold and resumed normal activity.

In 1996 the method was modified as follows: the capture effort was less intense
(monarchs were captured every 3 to 4 days from 3 April through 12 May), and
instead of tagging, the monarchs were given identification numbers with a permanent
ink (Sharpie™) marker on the lower right hindwing.

Egg and larval censuses

Milkweeds were censused for eggs and larvae in the springs of 1994-1996. In
1994 and 1996 we censused plants along 2 m wide transects until we had censused
at least 50 but not more than 100 plants. The starting points and directions of these
transects were selected haphazardly. In 1995 we assigned N-S and E-W coordinates
10m apart on a 325m x 142 m grid. A set of coordinates and a compass direction
(N, S, E or W) was chosen randomly, and a minimum of 50 and a maximum of
100 plants was surveyed per census. If sampling along a transect reached the edge
of the grid before 50 plants were counted, additional transects were randomly
selected and censused until this minimum was attained. All leaves, flowers, and buds
on all stems of each plant were examined for eggs or larvae two to three times each
week. The phenological stage of the plant, the number of stems and the instar and
number of larvae and eggs were recorded for each plant.

Adult data analyses

Because our analysis indicated that the Cross Creek monarch population is open
with both immigration and emigration occurring, we used the standard mark-
recapture method for open populations, i.e. the Jolly-Seber model ( Jolly, 1965;
Seber, 1973). This model provides estimates of daily population size and daily
residence rate, which is the probability that an individual neither dies nor emigrates
but stays alive in the study site. Because death and emigration cannot be separated
in open.populations, we use the term ‘residence’ rather than ‘survival’ throughout
this paper, following Watt et al. (1977) and Tabashnik (1980).

We tested the model assumptions that all individuals must be equally catchable
and that the probability of survival (residence, see above) must be independent of
age, but can vary from day-to-day (Krebs, 1989). All statistical tests, except for the
population models discussed below, were performed uvsing Statview 4.01 (Abacus
Concepts, Inc., 1992-93) on a Macintosh computer. Detailed descriptions of these
methods are in Knight (1998).
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Figure 1. Recapture decay plots for monarch butterflies at the Cross Creek milkweed site in March-
April 1995 for (A) the entire population and for (B) males (@) and females (O) separately. V= number
of butterflies alive in the study site. All captured individuals spent a minimum of “0” days in the
population, i.e. equivalent to <1 day. The slope of the regression line is the natural logarithm of the
daily residence rate. The significant negative slopes indicate a constant rate of loss from the population
(Watt ¢ al., 1977). The maximum residence time for males and females was, respectively, 23 and 26
days. The mean residence time for males and females was, respectively, 6.4 and 8.0 days, and the
overall average residence time was 4.3 days.

Tests of model assumptions

Begon’s method (1979) for marking mortality revealed that the initial tagging did
not significantly affect the probability of recapture (y*=0.43, df=1, P=0.51). We
also used the Leslie, Chitty and Chitty method (Leslie ef al., 1953; Krebs, 1995) to
estimate the number of new individuals added to the marked population each day
and compared this sum with the observed sum of newly marked butterflies to test
the validity of the equal catchability assumption. With the exclusion of one anomalous
day (April 2, see Knight, 1998), the difference between the observed and estimated
number of newly marked individuals was only 6%, a reasonable approximation of
equal catchability.

We also tested whether marked individuals were more or less likely to be recaptured
than unmarked individuals using a contingency table (Begon, 1979). The results in-
dicated that marking had no effect on catchability (y*=7.24, df=5, 0.10 < P < 0.50).
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Equal catchability of males and females was tested by the two methods of
Tabashnik (1980): (1) a test of the capture sex ratio vs. estimated sex ratio and (2)
the joint residence-catchability test. On 7 of the 9 testable days, catchability appeared
to be higher for males than for females, but the difference was not statistically
significant (Test 2: y intercept =0.095, t=0.43, P=0.67).

The assumption that residence rate (survivorship) is independent of age was tested
with recapture decay plots: a regression of the natural logarithm of the number of
individuals in the population on the minimum number of days individuals remained
in the population (Watt ¢f al., 1977). The regressions (Fig. 1) for the total population,
as well as for males and females separately, are highly significant: for the total,
slope= — 0.16, F} 5, =79.95, P < 0.0001; for males only: slope= —0.16, F) ;3=
59.12, P < 0.0001; and for females only: slope = —0.13, F} 5,=29.21, P < 0.0001).
These data indicate a constant loss rate that is independent of age (Deevey, 1947).

Residence time

Daily residence rates for the 1995 population, as well as for males and females
separately, were calculated by three methods: (1) the weighted average of residence
estimate (Jolly, 1965), (2) the recapture decay plot (Watt e al., 1977) and (3) the
mean minimum lifespan (Zalucki & Kitching, 1984; Ehrlich & Gilbert, 1973). The
joint-residence catchability test (Tabashnik, 1980) was used to test the residence rate
of males relative to females.

(1) The weighted average of residence estimate (J;) takes into account all individuals
captured at least once and uses the Jolly—Seber daily residence estimate @i, which
we used to represent residence rate. The daily estimates of i were multiplied by
the inverse of their standard errors (Cook ¢t al., 1967). To normalize these weighting
factors, each was divided by the average of all standard-error inverses. This method
emphasizes those daily estimates of i that have smaller standard errors and thus
are derived from the more robust data. We also applied Scott’s method II (Scott,
1973) which corrects for gaps in the sampling period. Mean days residence per
week and for the entire study period was calculated as —(In@)~" (Cook ez al., 1967).

(2) The recapture decay plot method is a regression of the natural logarithm of
the number of individuals in the population on the minimum number of days
individuals remained in the population. The natural logarithm of the daily residence
rate, Qp, is equal to the slope of the regression line. Mean days residence for Op
was calculated as —(In @)~" (Cook e al., 1967).

(3) The mean minimum lifespan method, O, eliminates individuals that were not
recaptured. Because the Cross Creek monarch butterfly population is migratory, we
expect that some individuals moving through will not be recaptured; thus, this
method will reflect residence time for individuals whose migratory behaviour has
been interrupted for at least 2 days.

Population estimates
Population size in 1995 was estimated with the computer program JOLLY (Krebs,

1995). As a required preliminary to this method, we cast the data (Table 1) in a so-
called Method B table (Leslie & Chitty, 1951). Males and females were also analysed
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TasLE 2. Mark-recapture data for adult monarch butterflies collected at Cross Creek, Florida from 26
March through 30 April 1995

Total Total % Mean
number number of recaptured captures
marked capture events Per individual

Male 61 145 65.6 2.4
Female 76 157 47.4 2.1
Total 137 302 55.5 2.2

separately. These estimates were summed and compared to the Jolly-Seber estimates
for the total population using a Wilcoxon signed rank test in order to test the
reliability of the independent estimates for each sex.

Population estimates could not be calculated for all sampling dates. If none of
the recaptured butterflies on a particular sampling day had been caught on the
previous day, then no estimate could be calculated for that day, and it was deemed
an untestable day. In such cases, the untestable day was eliminated from the analysis
and all butterflies captured on that day were reclassified (see Knight, 1998). The
only untestable sampling date for analysis of the entire population was | April which
coincided with a weather front. The butterflies captured on this day most likely
moved through with frontal winds and, thus, were not recaptured. The elimination
of this day is reflected in the Method B (Table 1), but it is not reflected in statistical
tests that did not directly use this table. There were more untestable dates when
the data were broken down to test males and females separately. We could not
calculate population estimates for males after 11 April. Thus, male and female
population sizes were compared only on matching sample dates from 27 March to
11 April.

In order to detect incoming waves of monarchs, we plotted the Jolly-Seber estimate
of number joining over time. Also, the average wing condition at first capture was
calculated for combined 3-day intervals and plotted against time (Fig 4).

Insufficient data in 1996 prevented use of the Jolly-Seber model. Therefore, for
both 1995 and 1996, a relative population estimate for between year comparisons
was calculated as the number of monarch adults caught per person hour. Egg and
larval densities were compared for 1994, 1995, and 1996 by plotting the mean
number of immatures per milkweed stem over time for all three years.

RESULTS
Numbers marked and recaptured

The basic data for 1995 are summarized in Table 2. From 26 March to 30 April
137 monarchs were netted and marked. Of these there was an insignificant cxcess
of females (76 of 137, 55.5%), but a higher percentage (65.6%) of males was
recaptured. Overall 55.5% of all monarchs were recaptured. The mean number of
captures per butterfly was 2.4 for males and 2.1 for females. The percentage of
monarchs captured each day that were recaptures fluctuated between 33% and
47% from 27 March to 2 April, with the exception of 1 April when it dipped to
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Figure 2. Daily percentage of adults captured that were recaptures.

TabLE 3. Mean residence rate® and mean residence time (days) as estimated by three separate methods,
b, ¢, and d (Cross Creek, March—April 1995)

Estimated Mean Residence

th (27 o
rate” days rate® days rate® days
Males*® 0.736 3.26 0.856 6.41 0.843 5.84
Females® 0.804 4.57 0.882 8.00 0.858 6.55
Females’ 0.769 3.81
Total 0.795 4.31 0.856 6.37 0.850 6.15

“Residence rate is the probability that an individual in the population on a given sample day will be in the
population on the following sample day.

"Weighted average of residence estimate (Cook ¢f al., 1967).

‘Recapture decay plot (Watt et af., 1977).

“Mean minimum lifespan (Ehrlich & Gilbert, 1973).

‘Residence averaged over all testable sampling dates, 26 March—11 April.

‘Residence averaged over all testable sampling dates for females, 26 March-25 April.

11% (Fig. 2). The percentage of recaptures then fluctuated between 50% and 94%
through 17 April, after which samples sizes were too small (<7/day) for meaningful
values.

Residence time i the Cross Creek population

The maximum residence time was 26 days for one female and 23 days for a male
(Fig. 1). Mean residence for the total population was 4.31 days, as estimated by the
weighted average of residence method, @y (Table 3). This seems a reliable measure
because our data well fit the Jolly-Seber method. Residence estimates by the
recapture decay plot, @p, and the mean minimum lifespan, Q;, were higher, at
6.37 and 6.15 days, respectively. The higher residence time estimated by O;, was
expected because this method excludes butterflies that were captured only once
(Ehrlich & Gilbert, 1973). The estimates by @), and @y, are similar, which suggests
that mean residence overall i1s overestimated by @p. All three methods agree,
however, that mean residence time was low (conservatively 4-6 days) for the
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TasLe 4. Numbers of monarchs captured per person hour and the Jolly-Seber estimate of the daily

adult population size in March and April, 1995 for males and females separately and for the total

population. Dashes represent untestable sampling dates on which none of the recaptured butterflies

had been caught on the previous sampling day. No estimate could be calculated for that day. See
Methods for details. Standard errors are in parentheses

Number captured per person hr. Number estimated
Date Males Females Total pop. Males Females Total pop.
26 Mar 10.0 6.0 16.0 - -
27 Mar 6.2 5.3 11.5 15 (5) 14 (7) 3109
28 Mar 5.0 3.0 8.0 10 (4) - 37 (18)
29 Mar 10.0 11.0 21.0 17 (5) 56 (44) 55 (18)
30 Mar 11.0 5.0 16.0 23(7) - 65 (24)
1 Apr 5.0 4.0 9.0 - - -
2 Apr 9.0 10.0 19.0 20 (4) 50 (25) 58 (12)
3 Apr 1.0 4.0 15.0 18 (4) - 47 (12)
4 Apr 11.0 10.0 21.0 18 (4) 51 (30) 55 (12)
6 Apr 8.0 11.0 19.0 32 (16) 23 (7) 61 (16)
7 Apr 2.0 6.0 8.0 = 21 (8) 57 (21)
8 Apr 5.0 5.0 10.0 19 (7) 21 (8) 46 (12)
9 Apr 7.0 12.0 19.0 31 (18) 21 (6) 52 (11)
10 Apr 8.0 9.0 17.0 11 (5) 24 (11) 42 (10)
11 Apr 3.0 6.0 9.0 3 26 (17) 71 (38)
12 Apr 3.0 5.0 8.0 - - 43 (18)
14 Apr 4.0 4.0 8.0 - 16 (13) 49 (23)
16 Apr 4.0 5.0 9.0 - 9(7) 50 (31)
17 Apr 3.0 5.0 8.0 - 2(1) 25 (14)
19 Apr 3.0 1O 4.0 - 3 12 (7
2t Apr 3.0 3.0 6.0 - 2(1) 14 (7}
23 Apr 4.0 2.0 6.0 - 2.(1 24 (22)
25 Apr 3.0 2.0 5.0 - 1 (1) 3(2)
28 Apr 1.0 1.0 2.0 - - 2(1)

remigrants at Cross Creek, and that females, on average, were in residence about
1 day longer than males. The joint residence-catchability test indicated that the
residence difference between the sexes was not significant (slope= —0.016, F,,, =
0.14, P=0.71; Fig. 1).

The weekly O estimates indicated that mean residence time varied throughout
the study period. During the first week (March 26-April 1) it was 3.92 days; during
the second (April 2-8) it was 6.82 days; during the third (April 9-15) it decreased
to 1.89 days; and during the fourth (April 16-22) it was 2.91 days.

The overall ©); estimate of 4.31 days is higher than the mean residence estimates for
either males (3.26 days) or females (3.81 days). Note that the testable sampling dates
differ for the males and females: 26 March—11 April and 26 March—25 April, re-
spectively, The data thus suggest that smaller samples underestimate residence time.

Population estimates and waves of new arrivals

The accuracy of the Jolly-Seber population estimate depends on how well the
Cross Creek population approximates the assumptions of the model. All assumptions
for the most part were upheld which suggests that the daily population size estimates
are reliable (Table 4; Fig. 3). The reliability of the Jolly-Seber estimates is further
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Figure 3. Comparison of two estimates of the daily adult monarch butterfly population size at the
Cross Creek milkweed site during March and April 1995: (1) the Jolly—Seber estimate, based on mark-
recapture; and (2) monarchs caught per person hour. ((J) Jolly-Seber estimate; (O) No. per person
hour.

strengthened by the high percentage of captures that were previously marked (Fig.
2). In 1995 the Cross Creek monarch population increased from about 30 individuals
on 27 March to 65 individuals on 30 March (Fig. 3, Jolly—Seber line). Thereafter
the numbers fluctuated around 55 individuals through 16 April, reaching a peak of
71 on 11 April. The population declined rapidly through the rest of April. The
number of butterflies caught per person hour was significantly correlated with the
number estimated by the Jolly-Seber method (#=0.47, F, 5,=17.64, P < 0.001).

There was no difference between the total population estimate and the summed
estimates of males and females (Wilcoxon signed rank test, z=—0.06, P=0.95),
which suggests that the Jolly-Seber population estimates for males and females per
se are reliable. Accordingly, females were more than twice as abundant as males for
most of the matching sampling dates (27 March-11 April; Table 4; Fig. 5A). This
differs from more permanent breeding populations in Australia (Zalucki, pers.
comm.). The actual numbers of males and females captured per person hour at
Cross Creek (Fig. 5B) do not reflect the higher recapture rate for males through
most of the sampling period. This accounts for the discrepancy in sex ratio between
the number captured (Fig. 5B) and the number estimated in the population (Fig.
5A).

Another objective was to identify waves of incoming monarchs. From the Jolly-
Seber estimate of number joining, it appears that a first wave formed the Cross
Creek population during the last week of March, with a peak during 27-30 March
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Figure 4. Wing condition of newly captured monarchs averaged over three-day intervals. Wing
condition was rated from 1 (freshly eclosed with virtually no scales missing) to 5 (very worn with many
scales missing). Each average was calculated with a minimum of three individuals.

(Fig. 6). This is supported by a dip in percentage captures that were recaptures
during this period (Fig. 2). These findings are consistent with previous observations
that the spring remigrants begin arriving at Cross Creek in mid to late March. A
second wave of incoming monarchs occurred from 10 to 12 April (Fig. 6). This is
supported by a drop in recaptures from 94% to 56% (Fig. 2). The Jolly—Seber
estimate indicates very few individuals joining after 12 April, and the small sample
sizes after 16 April preclude accurate treatment of these data.

Another way to detect waves of new monarchs is to look at wing condition
changes over time (Fig. 4). Assuming that wing condition is fairly good for individuals
upon arrival from Mexico, we predicted that successive waves of new arrivals would
result in periodic increases (lower score) in mean wing condition. Mean wing
condition of new captures was best for the periods 26-28 March and 1-3 April
(Fig. 4), the first of which corresponds to the early peak of the Jolly—Seber estimate
of the number joining (Fig. 6). Mean wing condition then deteriorated slowly until
10-12 April, after which it dropped off more sharply. This drop corresponds to the
Jolly-Seber estimate of 12 April (Fig. 6), after which few butterflies joined the
population. The new wave on 10 April indicated in Figure 6, was not reflected by
a fresher mean wing condition (Fig. 4). The population size, however, reached its
maximum of 71 individuals (according to the Jolly—Seber population estimate) on
IT April (Fig. 3). Because the population at this time was comprised of many
butterflies with varied wing conditions, an increase in mean wing condition due to
the arrival of newer butterflies may have been dampened, and the butterflies that
joined may have ‘aged’ while spending more time before getting to Cross Creek.

Monarch population size compared among three years

The mean daily monarch population size at Cross Creek, as estimated by number
of butterflies caught per person h, was 9.4 times greater in 1995 than in 1996
(means=16.9 and 1.8, respectively; Fig. 7A). The number of eggs and larvae per
stem was also lower in 1996 than in 1994 and 1995 (Fig. 7B). Numbers of immatures,
primarily eggs, also peaked at different times for the different years. The maximum
number of eggs was found on 29 March in 1995 (1.55 immatures/stem), on 6 April
in 1996, (0.27 immatures/stem), and on 10 April in 1994 (1.23 immatures/stem).

These data imply that the arrival of spring migrants was at least a week earlier in
1995 than in 1994 or 1996.



MONARCH SPRING RECOLONIZATION OF NORTH-CENTRAL FLORIDA 545

60
50
40
30
20

10

0||l|||||||1IIJ_LJ|||4LI 1

27 31 4 8 12 16 20 24
March April

Estimated no. of males and females

No. of adult monarchs

March April May

Figure 5. Comparison of male and female daily numbers at Cross Creek in 1995 by two estimates:
A, Jolly—Seber estimates; the testable sampling dates (dates with sufficient data) were 27 March-11
April for males and 27 March-25 April for females. B, number caught per person hour. No adults
were seen after 12 May. () males; (O) females.

The first new spring generation

If a monarch of the new spring generation were captured several days after
eclosion, its wings would show some wear, and it might not be distinguishable from
a remigrant. Very fresh butterflies {(wing condition 1.0 or 1.5}, however, would
presumably be recently eclosed members of the first new spring generation. We
captured only four such individuals in 1995. Two of these were caught on 23 and
30 April, which is consistent with peak egg-laying by remigrants in our area during
the last week of March. This would result in eclosion of a first new spring generation
toward the end of April. The other two were captured much earlier, on 2 April.
Because of their near perfect condition, it is unlikely that they were overwintered
butterflies that migrated from Mexico or from other potential overwintering sites in
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Figure 6. Jolly-Seber estimate of number of individuals joining the Cross Creek monarch population
in March-April 1995.

south Florida. Adults newly eclosed by 2 April would have to have been eggs at
least three weeks before. Because virtually no A. humistrata plants had come up by
mid-March at Cross Creek, a more likely explanation is that these two individuals
were offspring of remigrants that arrived during mid-March further south in Florida
(Knight and Brower, in prep.). Three of the four new spring generation butterflies
were never recaptured.

In 1996, we captured two females that appeared freshly eclosed, one on 19 April
and the other on 2 May. Unlike the more worn females that were all mated as
determined by abdominal palpation for spermatophores, neither of these individuals
had mated. We did not detect a second wave of egg-laying in 1995 or 1996. By
early June in both years, all the adults had disappeared and the A. humistrata plants
were senescing.

DISCUSSION

The main objective of our study was to determine the manner in which remigrant
monarch butterflies from Mexico establish their first spring generation in the
southeastern U.S.A. To do this, we quantitatively estimated population size and
residence time of remigrants as they established a breeding population in north-
central Florida in the spring of 1995. We also determined the number of waves of
incoming monarchs and made comparisons of relative population sizes among three
years, from 1994 to 1996.

Residence time in the migratory Cross Creek population

Although the populational origins and the biological conditions affecting monarchs
in Australia differ from those in eastern North America and may confound direct
comparisons between the two populations, doing so is nevertheless interesting. In
Australia both monarchs and their milkweed host plants became naturalized during
the 19th century and co-occur mainly along the eastern coast where the exotic
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milkweeds, intolerant of dry conditions and frost, are able to survive in large patches
(James, 1993). Additionally, only one of the milkweed species (4. curassavica) is of
New World origin, while the other three (two in the genus Gomphocarpus and one in
the genus Calotropis) originated in tropical Africa where the monarch does not occur.
Southeastern Australia also has much milder winters than the area occupied by the
eastern migratory monarch population in North America, allowing the butterflies
to breed year round (Zalucki, 1993). In contrast, A. humistrata in north central Florida
rapidly senesces as the spring advances and the plants have a scattered distribution
which must force the monarchs to keep moving in order to find new hostplants.

Most of the monarchs arriving at Cross Creek remained from 4 to 6 days on
average (Table 3). This is much shorter than their expected remaining lifespan. Our
findings, combined with the known lifespan of 40 days for reproductively active
monarchs in captivity (Zalucki, 1981), suggest that the remaining lifespan of in-
dividuals returning to Cross Creek is potentially 20-30 days. In fact, our data
determined that several individuals stayed and survived at Cross Creek for more
than 20 days. Thus, our mean residence estimate of 4-6 days almost certainly
represents short average residence time rather than short longevity. Based on a
5-10 months study in which milkweed patches were sampled weekly in Queensland,
Australia, Zalucki and Kitching (1984) found that monarchs survived for several
weeks in a milkweed patch, with an estimated mean of 12.4 days compared to our
Cross Creek mean minimum lifespan estimate of 6.15 days. We think that the
difference in the two studies reflects their resident versus our migratory population.

Thin layer chromatography (TLC) fingerprint data indicated that at least two-
thirds of Cross Creek monarchs had fed as larvae on the northern milkweed, 4.
syriaca (Knight, 1998). Since this milkweed does not naturally occur south of Virginia,
our Cross Creek monarchs had to have been individuals that bred in the northern
U.S.A. and southern Canada the previous summer, then migrated southward to
central Mexico in the autumn, and then migrated northward to Cross Creek the
following spring. The Cross Creek individuals were therefore at least 7 months old
and it might be expected that they would disappear rapidly from the population
due to death. However, as discussed below and in Knight (1998), we found that the
wing condition of most initially captured monarchs was good and, especially in the
first half of the study period, very few individuals had tattered or worn wings (Fig.
4). This slow aging strongly suggests that emigration is the most likely explanation
for individuals disappearing from the Cross Creek population and provides additional
support for our hypothesis of short residence time rather than rapid senescence and
mortality in the milkweed patch. In fact, we never found any dead adults during
the 3 years of the study.

We thus interpret the short mean residence of Cross Creek monarchs as strong
evidence that they are transitory and that the population overall is continuing to
migrate. Residence time was variable, however, ranging from 1 to 26 days, which
suggests the possibility of a facultative response to host plants along the migratory
routes.

The changes in mean residence time over the study period coincide with the
phenology of the host plants at Cross Creek. During the last week of March, when
the mean residence was approximately 4 days, the milkweeds were newly sprouted
and in good condition. By the first week of April, when mean residence was almost
7 days, the milkweeds were at their peak numbers, and most were in the bud or
flower stage. We have repeatedly observed that females prefer to oviposit on tender
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new leaves, flowers and buds. Juvenile monarchs that spend approximately 2-3
weeks developing on the hostplant can encounter dry, tough, or even dead plant
parts if the milkweed is too far into its cycle when the eggs are laid. During mid-
late April, when residence time dropped off sharply to 2-3 days, most milkweeds
were past flowering and were becoming senescent. The declining quality of larval
food, the paucity of nectar sources and the decrease in remaining lifespan for adults
likely all contribute to the shorter residence time toward the end of our study.

Comparison of residence times for males and females

As Zalucki (1993) pointed out, individuals may leave or stay in a milkweed patch,
and the reasons they do so may differ for males and females. Three different methods
of analyzing our data indicated that residence time was longer for females than
males at Cross Creek (Table 3). In contrast, Zalucki and Kitching (1984) found that
in Queensland, males were resident in milkweed patches longer than females, and
that females tended to leave patches where male density was low. This also was
shown by male removal in very dense Gomphocarpus patches (Bull et al., 1985; Suzuki
& Zalucki, 1986). Zalucki (1993) suggested that, when females are sexually mature,
they are attracted to a milkweed patch both for oviposition and by the frequency
with which they encounter males. He also held that the females are repulsed from
milkweed patches after mating and disperse to avoid more sexual encounters.
Shapiro (1970) had earlier proposed that female Pierid butterflies also emigrate to
avoid sexual interactions.

Although avoidance of males may play a role in female emigration, it does not
secem the most likely explanation for our Cross Creek population. Here females in
fact were less likely to emigrate than males, and, for most of the season, the estimated
sex-ratio was female biased (Fig. 5A). Moreover, most females captured there in
past years were multiply mated (Knight, unpublished data). We therefore conclude
that oviposition sites, rather than mating partners, appear to be the primary attraction
for females in the eastern North American monarch population. Sandhill milkweeds,
L. oviposition sites, were abundant at Cross Creek, and this may have encouraged
females to stay and continue ovipositing. The time required for a female to lay her
eggs depends on her remaining fecundity which, in turn, depends on her age, the
number of eggs she has previously laid, and the number and quality of spermatophores
she received in mating (Munger & Harriss, 1970; Zalucki, 1981; Oberhauser, 1989).
On the other hand, too many females could overpopulate the plants and possibly
trigger female emigration.

Evolutionarily, females are the primary resource for males. Because last-male
sperm displacement is common in monarchs (Oberhauser, pers. comm.), it is
advantageous for males to continue migrating with the females and for them to
copulate with as many females as possible. Thus, when the sex ratio is female-biased
in a milkweed patch, males should not emigrate.

So why 1s residence time for males shorter than for females at Cross Creek? One
explanation could be that aggressive male-male interactions force some males to
leave the site. The aggressive behaviour of territorial male swallowtail butterflies has
been shown to increase the dispersal of ‘new’ males (Lederhouse, 1983). In monarchs,
male—male encounters often lead to fast, high, erratic flight by one or both males
which could result in emigration from a site (Pliske, 1975; Zalucki, 1993). Females
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Figure 7. Yearly comparison of the population size of Cross Creek monarchs by two indices over three
years: (A) the number of adults caught per person hour in 1995 and 1996; and (B) the number of eggs
and larvae per stem in 1994, 1995, and 1996.

may also display the same response after being pursued by a male in an unsuccessful
mating attempt. More information is needed on the frequency and results of
male-male and male—female encounters to determine if these behaviours, and
therefore the local monarch population size in milkweed patches, could differentially
affect male and female residence times.

The difference could also be explained by mortality differences. Although we
assume that most individuals disappeared from the population due to emigration,
mortality undoubtedly accounted for some of the losses. Watt et al. (1977) speculated
that shorter residence of female Colias was caused by higher predation rates upon
them. Females were thought to be more vulnerable during their longer warm-up
period and during oviposition when they were close to the ground and concealed
in vegetation. At the monarch overwintering sites in Mexico, predatory mice ate
larger numbers of male than female monarchs in experimental feeding trials
(Glendinning, 1993). Similarly, Alonso-Mejia (1996) found that predatory grosbeaks
killed a significantly higher number of males than females. Similar findings were
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attributed to lower cardenclide concentrations in males (Brower & Calvert, 1985)
and the abilities of some mouse and bird predators to discriminate palatable
butterflies based on taste (Fink & Brower, 1981; Brower, 1988; Glendinning ef
al., 1990; Glendinning, 1993). Taste discrimination by predators probably is an
evolutionary response to the superabundance of monarchs at the overwintering sites.
However, it seems unlikely that taste discriminating predators played a significant
role in mortality of males at Cross Creek, and we have never seen monarchs pursued
by birds at this site (L. Brower, pers. observ. 1981-1996).

Another potential explanation for higher mortality rates of males is faster aging.
Mating may be costly to males that produce spermatophores up to 10% of their
body mass (Oberhauser, 1988, 1989). Males also expend substantial energy patrolling
for females; they chase most things that move including other males and other
butterfly species. The expense of previous summer and early winter matings has
been hypothesized to explain male-biased sex ratios late in the overwintering period
in California (Van Hook, 1996), where males deteriorate faster than females due to
their frenzied courtship behaviour (Tuskes & Brower, 1978). This appears to result
in their ‘burning out’, so that a large percentage of males do not leave the California
overwintering sites (Hill et al., 1976). Our Cross Creck data suggest that nearly equal
numbers of the two sexes leave their overwintering sites in Mexico (see also Malcolm
et al., 1993). It seems likely that energy lost through courtship and spermatophore
transfer along the migration routes and in the milkweed patches may contribute to
their more rapid aging, and thus apparent higher mortality, during the spring
remigration.

Arrival time and milkweed phenology in north-central Florida

Arrival times of monarchs at Cross Creek vary from year to year, but in general
they coincide with those of remigrants in the more westerly Gulf Coast states. Thus
over a 6 year period from 1983 to 1988, Riley (1993) observed monarchs arriving
consistently in Louisiana during the last week of March through mid-April. While
photoperiod and temperature determine when monarchs are ready to leave Mexico,
local weather conditions may trigger their departure and influence their arrival dates
in north-central Florida. The butterflies may also use tailwinds associated with fronts
to facilitate their long distance migration (Gibo & Pallett, 1979; Schmidt-Koenig,
1985; Brower, 1996). Tracking spring weather fronts along the Gulf Coast moving
north in Mexico and eastward in the U.S.A. may contribute to a more accurate
prediction of arrival times of the spring remigrants.

The cues monarchs use to leave their overwintering sites in Mexico are well timed
to allow maximum exploitation of A. humistrata in north-central Florida. The monarch
population reached its maximum size in the second week of April following two
apparent influxes (Fig. 3) and after mid-April it rapidly declined and disappeared.
By this time most of the milkweeds were past flowering with dry or tough leaves,
which, as argued above, probably explains the higher emigration rates later in the
season. If monarchs arrive much earlier than 1 April, the milkweeds would be just
emerging from the ground, and the new leaves are subject to being killed by frost.
We have observed frosted 4. humustrata plants over several years in north-central
Florida, including March 1996 (Brower, unpublished observations).
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Population trends among years

The monarch population at Cross Creek in 1996 was only about one ninth of
what it was in 1995. Weather may play a role in determining the sizes of the
remigrating populations. Strong westerly winds associated with frontal systems may
cause some monarchs to get blown as far east as north-central Florida. Brower
(1996) reviewed the evidence suggesting that migrating monarchs are able to
compensate for wind drift. In some cases compensation may not be strong enough,
and the butterflies may get blown off course. For example, during the fall migration,
monarchs regularly arrive in Bermuda, 1040 km east of Cape Hatteras, in September
and October (Urquhart & Urquhart, 1976; Brower, 1995). Unusual movements of
spring weather systems predominantly northward or westward could result in very
few remigrants making it to Florida, and, therefore to the Cross Creek study site.

There is evidence from radar data taken on bird migration that this happened
in the spring of 1996 (Brower, 1999). Many neotropical migrant warblers were
displaced more than 1000 miles to the west of their normal routes from the Mississippi
River valley eastward to the Atlantic coast. In general, peak arrival times for eastern
birds and monarchs in the spring are similar, and both migrate in association with
weather fronts (Kerlinger et al., 1985). Thus, wind displacement in the spring of
1996 may well have caused the arrival of only small numbers both of monarchs
and birds in the east.

Production of the new spring generation

Malcolm ¢t al. (1987) reported two peaks in egg-laying along the roadsides near
our Cross Creek study area in 1983, one in early April and the other in mid-June.
They interpreted these findings as indicating the production of two spring generations.
It is likely, however, that the second wave of egg-laying in 1983 was an artifact
resulting from roadside mowing where the egg censuses were made. As noted above,
by mid-May most sandhill milkweeds in North Florida are past flowering and have
tough, dry leaves that are increasingly unsuitable for oviposition. In 1995 and 1996
we found no evidence for two generations. The natural phenology of A. humistrata
in our pasture supports the hypothesis that only one monarch generation is normally
produced on this milkweed in north-central Florida, and our data argue that the
freshly hatching butterflies of the new generation continue the migration northward
almost immediately after they emerge from their chrysalids.

Catchability

Determining relative catchability among all members of a population is important
both for validating the mark-recapture population estimators and for understanding
behavioural differences among potential subgroups within a population, including
the two sexes. Greater apparency of males has led to strong male biased capture
frequency in many mark-recapture studies of butterflies (Brussard & Ehrlich, 1970;
Ehrlich & Gilbert, 1973; Scott, 1973; Tabashnik, 1980; Lederhouse, 1982, 1983;
Tabashnik et al, 1992). The higher percentage of male recaptures in Table 2 and
the capture ratio vs. estimated sex ratio test (T'abashnik, 1980) suggested that males
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may have been more easily captured than females in our 1995 study, but the joint
residence-catchability test indicates that the difference was not statistically significant.

The behaviour of males and females as it relates to catchability is biologically
interesting. We observed that the males spent most of their time patrolling the
pasture for females, were highly mobile and conspicuous, landed infrequently on
vegetation to bask or drink nectar, and were difficult to net. Females, on the other
hand, flew from milkweed to milkweed on which they landed frequently and were
not easily distracted from ovipositing. The fact that males were more easily detected
than females, but physically more difficult to catch, suggests that the catchability of
males and females was ‘balanced out’ by these behavioural differences and our
collection procedure.

CONCLUSIONS AND EVOLUTIONARY IMPLICATIONS

Our study is the first population census that attempts to investigate the strategies
that spring monarchs remigrating from the Mexico overwintering sites use to
recolonize milkweed host plants in the southeastern U.S.A. Monarchs began arriving
in north-central Florida in late March in 1995, and we detected at least two waves
of new arrivals, the first at the end of March and the second approximately two
weeks later in mid-April. The population declined sharply after mid-April and
disappeared by the end of the month. After arriving, adults remained for 4-6 days
before continuing their migration, with females remaining on average 1 day longer
than males. The finding that monarchs keep migrating raises the perennial question
of how far north they actually fly (Brower, 1995).

Arrival times varied among three consecutive years, but all were within the two
week window from the last week of March to the first week of April, when fresh 4.
humistrata milkweeds were abundant and the risk of frost had largely passed. There
was a ninefold drop in monarch numbers from 1995 to 1996.

Our findings raise many possibilities for future research. An important next step
is to continue mark-recapture studies on remigrating adult monarchs to assess yearly
variation in population parameters including arrival time, population size, the
number of annual waves, and residence time. We attempted this again in 1996, but
adult numbers were too low for a Jolly-Seber analysis. An alternative to this intensive
mark-recapture procedure is the transect method used by Pollard (1977) and Pollard
& Yates (1993), which gives information about seasonal, as well as year-to-year
population trends.

Standardized monitoring of monarch populations is being carried out in summer
breeding areas, during the fall migration, and at overwintering colonies in Mexico
(summary in Walton & Brower, 1996). These are useful for detecting fluctuations
in numbers and identifying factors critical to protecting monarch buttefly migration,
which has become an endangered biological phenomenon in eastern North America
because of deforestation of the overwintering habitat in Mexico (Brower & Malcolm,
1991). The size and arrival time of the spring remigrating monarchs may well be a
key indicator of conditions at the overwintering sites. Brower (in press) has predicted
that the deterioration of the high elevation forests in Mexico due to lumbering is
causing the monarchs to desiccate which induces them to leave sooner and thus
arrive prematurely in the southeastern U.S.A. before the danger of frost has past.
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It has been argued that the bird-like migration of the monarch butterfly in North
America coevolved with the adaptive radiation and northward expansion of the
milkweed (4sclepias) flora beginning in the Miocene (Woodson, 1954; Young, 1982;
Brower, 1985). Brower (1996) also presented evidence that monarchs are migratory
throughout their annual cycle of three to five generations.

Our findings at Cross Creek are consistent with these hypotheses. The seven to
eight-month-old butterflies returning from Mexico opportunistically locate freshly
sprouting milkweeds during the early spring in the southern states. By lingering for
only a short time at each milkweed patch they encounter, these old monarchs locate
the resurgent milkweed flora over an extensive area in the southern states. Then,
within less than a month, their fresh offspring continue the migration and exploit
the unfolding cornucopia of milkweeds as the spring advances northward. The more
we discover about the biology of this insect, the more remarkable is its annual
migratory, breeding and overwintering cycle.
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