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ABSTRACT
Cornelia Becker (M.A.)
Department of Ecology and Evolutionary Biology, Awsg2008
University of Kansas
Each fall, the North American population of monabclterflies engage in one of the
most extensive insect migrations of up to 4,800t&rtheir overwintering areas in
central Mexico. Since monarchs make extensive tisearing flight and may have to
withstand adverse weather condition during the thpir wing size may influence
survival. Computational Fluid Dynamics analysisstrated that larger wings produce
more lift than smaller wings. The question whetiere is directional selection for
longer wings during the fall migration in easterartt American monarch butterflies
was addressed. This was the first study which tisedtable isotope technique to
analyze monarch butterflies that had been samplselvaral locations of their
migration routes during the fall. Hydrogen stalsietope ratios in precipitation show
a distinct geographic pattern across the North Asaarcontinent, which is
transferred to the monarch wing at the time andegt formation. This allows the
assignment of butterflies to the latitude of thetal origin. The analyses indicate that
butterflies with longer wings may have originateanf farther north, which means
that smaller monarchs may be selected againstgithenmigration. Furthermore,
monarchs collected at a location in Texas in 208¥ dlarger average wing length
and originated from higher latitudes than those@adat the same location in the
previous year. In addition, the general applicaboif the stable isotope technique to

assign monarchs to the site of their natal origas @wddressed. Despite variation in



isotope values, the hydrogen stable isotope carsée to determine the latitude of

origin.
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INTRODUCTION
The North American population of monarch buttesfleast of the Rocky
Mountains Danaus plexippus plexippus) engages in one of the most extensive
migrations of all insects. Each fall, they travelthward from their northern breeding
grounds to overwintering sites in central Mexicali@rt and Brower, 1986;

Urquhart, 1987) (Figure 1).

b -
| . [ ; . -
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Figure 1. The Fall Migration of monarch butterfliesNorth America. This figure is an
interpretation of the routes taken by monarchsndyitie fall migration. The pathways are
based on tag recoveries and observations of migratonarchs (Monarch Watch:
http://www.monarchwatch.org/tagmig/fallmap.htm Assed in 2006).
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Many butterflies do not survive the migration. Tdeeises of mortality and the
percentage of the migratory population that reathe®verwintering sites are
unknown. However, the number of tagged butterfiiE®vered in Mexico suggests
that the survival rate is at least 50% and coultkes 70% in some years (O. R.
Taylor, pers. com.). The stress of the flight, vérahd storms that blow the monarchs
off course, predation, accidental deaths (vehicka®) lack of nectar all may
contribute to this outcome. Since the migrationuos®ver a 4 to 6 week interval,
referred to as a “migration window”, for each latie, the timing of the flight for
individuals could also influence survival. For @ste, individuals in the early phase
of the migration survive more often than thosenityin later phases (Taylor and
Gibo). The size of the individual monarch may diswe a role in the probability of
survival to reach Mexico, since larger wings alldarsger gliding flight. | argue that
there is selection for longer wirgand for reduced variation in wing length during

the fall migration.

Hypotheses and Predictions

| hypothesized that eastern North American monhbtdterflies are subject to
directional selection during the fall migration whiwould result in longer wings and
stabilizing selection, which would reduce wing @aéion. To test these hypotheses, |
used a different approach from those of previoudiss (Arango Velez, 1996; Davis

and Altizer, 2003; Dockx, 2007). Instead of cortiraswing lengths of resident, i.e.,

1 Wing length is considered as a measure of wing siz
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nonmigratory monarchs, against migratory monarcbsmpared wing lengths of
monarchs sampled during the fall migration acrasitudes and over the period of the
migration. This assumes that monarchs are sulgesléction pressures during the
migration. Specifically, | tested the following plietions that go along with my
hypotheses. | will include a review of previousdés which addressed these
predictions.

(1) As monarchs move southward, there will be @nease in mean wing
length of monarchs at lower latitude because tlseaeselection for butterflies with
longer wings. There will be less variance in wiagdth in butterflies collected at
southern latitudes. However, in a previous studyjdhd et al. (2004) found that fall
migratory monarchs collected in Texas had shortegsvthan those collected in
Minnesota and Wisconsin. They recorded forewingtlerfrom the point of
attachment to the most distal tip. Likewise, Baaldl Williams (1945) observed that
monarchs collected during fall migrations of diéfat years in Louisiana were shorter
than those from farther north in Ontario. They hashsured the distance from the
proximal costal corner to the most distant pointhi@ apex to the nearest millimeter.
On the other hand, monarchs from Minnesota, cateduring the migration, had
shorter forewing lengths than those collected initiana or Florida (Beall and
Williams, 1945). It was not specified, however,idgrwhat time of the year the
museum specimens from Florida had been collected.

One possible reason for the lack of agreement aheytatterns of wing size

at high and low latitudes is that the monarchs vgarapled during different phases of
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the migration. This possibility was noted by GibwaVicCurdy (1993) when they
found similar disagreements about the patternpad kccumulation in monarch
butterflies. Accordingly, they controlled for phasithe migration and concluded
that patterns in lipid acquisition were largely tlesult of seasonal changes in the age
structure of the population. In Borland et al.'gdst (2004), all monarchs from
Minnesota and Wisconsin were collected betweetudkiangles of 62.9 and 52.4,
i.e., early in or possibly before the fall migratjavhereas monarchs from Texas had
been sampled throughout the migration (AA betwd®B8 @nd 39.9). Many studies
document a decrease in wing length with date ofurepwhich might be a partial
explanation for the lower mean wing length foundhe Texas samples. Gibo and
McCurdy (1993) observed that forewing length wasilsir for early- and middle-
phase individuals, but declined in late-phase migrin Ontarid’. Borland et al.
(2004) found that wing length tended to decreask date of capture in Texas and in
the north (Minnesota, Wisconsin).

Alternatively, if there is no selection but instdacger butterflies outfly
smaller ones, | would expect the proportion of $immatinarchs to increase towards the
end of the migration at any location because saterflies are less likely to migrate
as fast as large ones.

(2) Monarchs arriving in the overwintering sitedviexico have a higher

mean wing length than monarchs sampled during igeation. The butterflies with

2 Note that migration phases in the study by Gibw MicCurdy (1993) seemed to have been
determined arbitrarily and thus differently fronetivay | determined migration phases. Nonetheless, a
division allowed Gibo and McCurdy to detect diffeces among phases.
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shorter wings are eliminated on their way to Mexigbich increases mean wing
length.

(3) Monarchs with longer forewing length at any ¢oeation originate from
farther north than small butterflies. This may cade that large monarchs survive the
migration, whereas small ones do not. Although joev studies established natal
origin of monarch butterflies with the help of thtable isotope technique (Hobson et
al., 1999; Wassenaar et al., 2000; Dockx et aD42tone of these studies examined

the relationship of wing size to stable isotop@rast indicator of place of origin.

In order to address the predictions, | comparedrtban forewing lengths and
wing variation of monarchs collected in seven défe states of the U.S. during the
fall migrations of 2001, 2003, 2006 and 2007. Néanalyzed the hydrogen stable
isotope ratio of several subsets of these sampldstermine the latitude of their natal
origin. Gliding simulations illustrated the potaitrole of wing size to flight
efficiency. Determination of the stable isotopeaaf monarchs and milkweed of
known origin explored the applicability of this tegque to tracking migratory

butterflies.
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BACKGROUND
Monarchs

Migration of Eastern North American Monarch Butterflies

The migration of up to 4,800 km starts in mid-Augusthe northern breeding
grounds with monarchs that are biologically andavatrally different from the
summer population (Monarch Watch:
http//www.monarchwatch.org/tagmig/index.htm Acces2606). The migration
advances at rates of close to 43 km per day frohAngust to late October, when
the first monarchs arrive at the overwintering arellexico (Urquhart, 1987,
Calvert and Brower, 1986; O. R. Taylor, pers. coifie Midwestern United States
and surrounding areas are the breeding range #6rd3hose monarchs that reach
Mexico (Wassenaar and Hobson, 1998). Some of thteraNorth American
monarchs do not migrate to Mexico but instead sjleadvinter in Florida and Cuba
(Dockx et al., 2004).

Since monarch butterflies are exothermal, they tnalyel at temperatures
above 18°C and below 29.5°C (O.R. Taylor, pers..xo@n their way south,
monarchs stop to feed on nectar, which they conwgdipids and store in their
abdomen for the long flight and the overwinterirgipd. The energy supply of the
long-distance migration may be a problem in conpdethe trip. The average
monarch accumulates 140 mg fat (Gibo and Pallg#t9)L From conservative
calculations on maximum flying endurance, monasggem to have insufficient fuel

reserves for the migration. They must frequentbhpstnd feed at flowers to recharge
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depleted fat reserves, which they use as fuel (@rabPallett, 1979). The butterflies
arrive at their overwintering sites in the oyame(Abies religiosa) forests (altitude:
2600 to 3600 m; Brower et al., 1977; Calvert anoviger, 1986) between late
October and the first week of December. Millionsradnarchs cluster in trees and
remain there in a semi-dormant stage. In Februhey, start to mate and migrate
back to the southern U.S. where they lay eggs dkweed, the exclusive host plant
of monarch larvae. The parental generation diemguihe spring migration, but their
offspring complete the roundtrip and migrate backe breeding grounds of their

ancestors (Malcolm et al., 1993).

Determination of Migration Phase

The altitude angle (AA), i.e., the angle of the sipove the horizon at noon,
can be used as a means to standardize the migpdtase of monarch butterflies
observed in different locations. As monarchs mawgls during the fall migration,
the peak of the migration, i.e., the abundanceuttebflies traveling, occurs at
different dates in different locations. The migoatpeak in the northern part of the
breeding range occurs earlier in fall than the peaker to Mexico. For instance, in
Rochester, MN (latitude 44.02°N), the migrationkpaecording to AA was from
September 4 to 9 in 2006, whereas the migratiokguebetween September 30 and
October 6, 2006, in the more southern city MonkiceéAR (latitude 33.38°N).

Since the timing and pace of migration is probddaged on celestial clues

(Calvert, 2001; O. R. Taylor, pers. com.), a wagampare the time of migration
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peaks among sites is by considering the AA (Diwlgl., 2004; O. R. Taylor, pers.
com.). For the subsequent analyses, | determin@daadarch butterflies collected on
a day with a maximal AA between 51.0 and 53.0 atdailection locality fell into the
middle phase of the migration because the peaeoitigration seems to occur when
the AAis 51 — 53 (Taylor et al.) Butterflies samglon days with an AA between
53.0 and 57.0 were grouped into the early phasieeomigration and the ones
collected on days with an AA below 51.0 were desigd to be late migrants. The

AA at each collection site was determined usingutfe. Naval Observatory website.

Wing Sze

The wing size of butterflies depends on environ@kgenetic, and
developmental factors. Fischer et al. (2003) fotlnad lower temperatures induced
Bicyclus anynana butterflies to lay significantly larger eggs. Inngeal, egg size is
correlated with other life-history traits such @l size and fecundity (Seko et al.,
2006). Seko et al. (2006) found a positive phenotgprrelation between body size
and egg size in the migrant skipfarnara guttata guttata (Lepidoptera:
Hesperiidae). Moreover, increased temperature gu@velopment leads to reduced
size in the majority of exothermal organisms (Atan, 1994). Specifically,
experiments on laboratory-reared migratory anddeggimonarchs demonstrated that
lower temperature of at least 7°C during larvalelegment results in longer wings
(Arango Velez, 1996). Reduced temperature is thbtogbe the proximate cause of

larger body and egg size within insect speciesgiten latitudes (Chown and Gaston,

17



1999). However, the opposite relationship betwees and latitude has been
observed as well, and the decline in body sizedsilaed to shorter seasonal
development time (Chown and Gaston, 1999). Moreadvbas been proposed that
larger individuals may be better able to resistvstiion than smaller individuals,
which may explain larger body sizes of some insattsgher latitudes, where
unfavorable conditions tend to last longer (Chowd &aston, 1999). Starving queen
and monarch butterfly larvae for 40 hours led gm8icantly shorter wings in adults
as compared to starving larvae for only 24 hounsatrat all (Arango Velez, 1996).
Similarly, a low nutrient content and biomass a fbod plants during larval
development later in the season may influence draoate (Langvatn et al., 1996) and
lead to shorter wings as well.

Besides these environmental factors, genetic se@@important in wing
size regulation of butterflies. Body sizes in matel femaldP. guttata guttata had
moderate and high heritability, respectively (Sekal., 2006). In addition, male
monarch butterflies seem to be generally largen feenale ones (Beall and Williams,
1945; Borland et al., 2004; Herman, 1988; Monarcitah:
http://www.monarchwatch.org/class/studproj/mass.Atroessed in 2006 and 2008;
Oberhauser and Frey, 1999). Furthermore, previmses found that migratory
monarchs had longer wings than residents (Hern288;1lArango Velez, 1996;
Davis and Altizer, 2003; Dockx, 2007). These obaBons were confirmed by my

own measurements.
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Moreover, interaction among body parts in developnepart of the
mechanism of wing size regulation. Wings competdifoiting resources with other
traits within late-stage larvae (Nijhout and EmI2898). Forewing size iRrecis
coenia (Lepidoptera: Nymphalidae) was significantly largemaginal discs, from

which other traits like hindwings develop, had beemoved.

Selection

Natural selection is nonrandom changes in the grqyof heritable traits in
successive generations due to differential sunawal reproduction of phenotypes
which vary in average fitness. If one extreme pligmois the fittest, selection is
directional, and the mean of the population isteitoward this extreme phenotype,
for instance large wing size. In stabilizing salact an intermediate phenotype is the
fittest, and the variance of the trait is redudedgt@yma, 1998; Dockx, 2007).

Previous studies have noted a correlation betwagration or dispersal
ability and wing size and shape in various groupsrganisms. Fernandez and Lank
(2007) found that Western Sandpipetsl{dris mauri), which can travel at least
18,000 km in a round trip, have longer and morefgoi wings during the
nonbreeding season, which is consistent with gelecn flight efficiency for longer
migration distances. Individuals with longer winggrated further (O'Hara et al.,
2006). Furthermore, Hoffmann et al. (2007) suggkstatDrosophila with long
wings disperse further. Moreover, several presumiggatory butterflies have longer

wings than non-migratory ones (Angelo and Slanskyl984). Arango Velez (1996)
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showed that migratory monarchs had a higher meag length than residents. She
concluded that stabilizing selection has eliminateddproduction of significant
variation in migratory monarchs. Likewise, Davislakitizer (2003) compared wing
size among monarchs from eastern North Americarateghe farthest distance),
western North America (migrate a shorter distanaed, South Florida
(nonmigratory) and showed that resident South &omonarchs had the shortest
forewings and eastern North American butterflieslingest. This result corroborates
earlier findings which compared eastern North Acgrimonarchs to those in
western North America and Australia (Tuskes andigm 1978; James, 1984).
Dockx (2007) found that Cuban migrant monarchsdigdificantly longer wings
than resident monarchs, which supports the hypstioéslirectional selection.
According to Dockx (2007), migrants and residentMiami, Florida, (Knight, 1998)
and the Americas (Beall and Williams, 1945) shottexlsame trend. Calvert and
Lawton (1993) speculated that larger monarchs neaybre likely to survive the
rigors of migratory flight.

Arango Velez (1996) demonstrated that reduced Wength variation was
characteristic of four migratory lepidopteran tad@aen compared to their resident
populations, among them eastern North American mebnautterflies. In contrast,
Dockx’s (2007) comparison of wing size and shaga/éen migrant and resident
monarch butterflies in Cuba revealed no signifigifference in variance and thus

did not support the action of stabilizing selectibikewise, Dockx (2007) reported
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that Van Hook’s work (1996) on overwintering morfadid not support that

stabilizing selection acts on wing length.

Sable Isotopes

Monarch butterflies were the subject of the fistnprehensive application of
the use of hydrogen stable isotope measuremettig istudy of migratory animals
(Hobson, 2008). Stable isotopes in precipitatioth plants show patterns across the
North American continent, and the monarch buttesfiyg chitin reflects the isotopic
composition of the place where wings are formeds Titakes it possible to track
back a monarch to its place of natal origin. Fastjsotopic base map of monarchs
throughout their breeding range was establishethgltine summer of 1996 (Hobson
et al., 1999). This map of isotopic hydrogen anthoa values (Figure 2) was used to
assign monarchs sampled in the overwintering sitdé&exico to their natal sites
(Wassenaar and Hobson, 1998). It was determiradribnarch wintering colonies
were panmictic, i.e., made up of a mix of buttedlirom all over the breeding range,
and composed of individuals originating mainly fréme Midwestern United States.
The same base map was used to validate that e&kigimAmerican monarch
butterflies travel to Cuba during the migrationipdrand possibly hybridize with

resident populations (Dockx et al., 2004).
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Figure 2. Geographic patternsd ands**C in monarch wings from natal sites across the
breeding range of eastern North America. Solidhtfies depict field-rearing sites, where
monarchs originated that were isotopically analyinearder to create this map (Wassenaar
and Hobson, 1998; synthesized from Hobson et @99\
Stable Isotope Technique

Isotope analysis provides a means to infer natgingr of animals and has
many advantages over other tracking methods. & doerely on the recapture of
animals and allows analyses of many individualsabse each bears the hydrogen
isotope signature of water sources where the aedliigsue was formed. Moreover,
the animals’ carbon isotope signature can be trbeeH to the plants on which they

or their prey feed, the stable isotope signatunetoth is influenced by the local

environmental conditions under which the plantsagro
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Stable isotopes are naturally occurring stable $oofrelements with different
nuclear masses (e.g.; deuterium/hydrogen [D/Hhaaf-*C/*°C]). Their ratios,
expressed in relation to a standard imotation, vary naturally, and | made use of the
geographic stable isotope patterns of hydrogercarabn.

The stable isotope ratios in precipitation andatmosphere are passed on to
milkweed, the exclusive host plant of monarch bilitéarvae. Larvae that feed on
the leaves in turn incorporate the isotopic sigreainto their tissue and thus the
butterfly wing tissue. The isotopic ratios are gailg passed on with a certain
offset due to fractionation, which occurs when araltal reaction or a process results
in a changing of the stable isotope ratios of th&ce or reactant because of the slight
chemical differences arising from the subtle défases in mass (Wassenaar, 2008).
An increase in the frequency of the light stabt#ape is called depletion, whereas an
increase in the frequency of the heavy stable ot called enrichment.
Discrimination is biologically mediated isotopedt@anation (Dawson et al., 2002),
which is predictable and constant in time and sf@&aender and Norris, 2008).

Thed**C value in milkweed is influenced by factors sushe@mperature,
humidity, and salinity, and shows a general pattérenrichment along a southwest
to northeast gradient (Hobson et al., 1999). Rlamtesses, such as metabolic
pathways or the response of stomata to water saessesponsible for the carbon
isotope signature.

ThedD value in precipitation varies in response to mhbar of physical and

meteorological parameters such as latitude, a#tjitdéstance form the coast, amount
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of precipitation, and surface air temperature (Qaasd, 1964; Gourcy et al., 2005).
Isotopic fractionation associated with phase chamdevater, such as condensation
of atmospheric water vapor and evaporation, areitigerlying cause for variation of
oD (Gourcy et al., 2005). The air masses lose whateugh condensation as they
move along surface temperature gradients (Gouray,e2005). For instance, the
hydrogen stable isotope value of precipitation dases the farther away clouds move
from the coast, since the heavier isotope is ramgaloser to the coast, leaving a
more negative isotope signature of precipitatiotheinterior of continents
(continental effect). Furthermore, tbB value decreases as moist air masses travel
from low to high latitudes (latitudinal effect) afrdm low to high altitudes
(altitudinal effect) (Dansgaard, 1964; Meehan et2004). On the other hand,
evaporation leads to enrichment of the source whtédorth America, these effects
lead to &D pattern that varies with latitude. Through millegiethe stable hydrogen
isotope ratio of precipitation is fixed into the nawch butterfly tissue with an offset
due to fractionation that occurs during plant casuivate synthesis (Meehan et al.,
2004).

Since the butterfly wing tissue is metabolicallgit) i.e., its composition does
not change after it has been formed (Wassenaa8) 2 stable isotope signature
allowed me to trace it back to the location of thiékweed, i.e., the place of the
monarch’s origin. A spatially interpolated modehecessary to derive a continuous
surface over which animals can be assigned tofap&gations (Wunder and Norris,

2008). Hobson et al. (1999) empirically modeledggaphic hydrogen and carbon
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isotope patterns of monarch butterflies for easkéwrth America. They solicited
volunteers from throughout eastern North Americeatee monarch butterflies from
eggs on naturally occurring milkweed, determineslstfiC andsD of the monarch
wings, and interpolated the isotopic pattern tatxe¢he map, which was the basis for
my analyse$(Figure 2).

However, during my analyses, | came across sepepalems with using the
established isotope patterns. Due to interannuahbtic variability at different
locations and maybe some unknown variables, the tmap did not completely align
with the stable isotope pattern from the years piampling, 2006 and 2007. For
instance, the presumed natal origin of several motysaaccording to thedD value
was south of the sampling sites. It is, howevelikaly that monarch butterflies
travel north during the fall migration. Moreoveifpund discrepancies between the
place of origin that was assigned usdéiyand the one assigned using carbon stable
isotope. One site may be very stable year-to-year many years, while another
might experience highly variable climate and drdu@his potential variability
seems to be more of a problem for assigning lophimlevel organisms like insects
to the place of their origin than for assigningaes higher up in the food chain to
the place of their natal origin. Despite the pdssibterannual variations, deuterium
is the only stable isotope that is a spatially oardus predictor, which allowed me to

infer natal origin of monarch butterflies relatitceeach other. There is no such

% Hereafter referred to as 1996 base map.
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assurance fa*C, which is why | decided to solely concentratesBrin my

analyses (Len Wassenaar, pers. com.).

Aerodynamics

Since it appears that monarchs have insufficieglt ieserves for their trip to
the overwintering sites in Mexico, selection shdaldor any flying techniques that
reduce the energy expenditure during cross-courawel and minimize the effects of
unfavorable weather (Gibo and Pallett, 1979). Tlostrefficient flying strategy is
soaring, which is using rising air to remain aleftile gliding (Gibo and Pallett,
1979; Alexander, 2002). Soaring flight results ubstantial energy savings (Gibo and
Pallett, 1979). Gliding is using wings to produifewhile descending through the air,
but not actively producing any thrust (Alexandd)02). Lift is a force perpendicular
to a wing’s motion through the air and usually hasupward component to offset a
flyer's weight (Alexander, 2002) (Figure 3). If tharce in the upward direction is
greater than the flyer's weight, the flyer willegigf it is equal, the flyer will remain at
a constant altitude, and if the upward force is kgan the weight, the flyer will

descend.

A B

L
ey S e,

Figure 3. Angle of attacks. Lift, L. A. No angle of attack, moderate lift. Bs the angle of
attack increases, lift also increases (Alexanda®2)
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Monarch butterflies observed in southern Ontari&kenextensive use of
soaring flight during their annual migration to Mex (Gibo and Pallett, 1979). In a
study by Gibo and Pallett (1979), more than 90%hefobserved migratory monarchs
were using soaring as their main method of fligte substantial energy savings
probably allows them to soar for 1060 hours with shme fat supply they would use
for 11 hours of powered flight (Gibo and Palle®7®). The glide ratio of monarchs
has been estimated as 4:1 (Gibo, 1981), which ntbahshey glide four units
horizontally for each unit of descent. Glider psloeported that monarch butterflies
were soaring in thermals at altitudes greater 200 m, which would enable them
to glide almost 5 km before nearing the ground.riifas are air masses rising
because they are warmer and lighter than the swiliog air (Gibo, 1981).

Since lift is directly proportional to the surfaageea of a wing, larger wings
produce more lift (Anderson, 1989), and maximidiftgallows butterflies to stay
aloft longer. Herman (1988), who compared immigréodal, and emigrant monarchs
in Minnesota, suggested that larger wings mightbee efficient for soaring and
gliding. This may be one reason why emigrant mdmgrevhich leave the breeding

grounds to migrate south, have longer wings.
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MATERIALS AND METHODS
Sample Collections

| measured the forewing length and analyzed tHdestaotope ratios of
monarch butterflies that had been sampled duriagtinual fall migration and in
Mexico. Collaborators and | collected a total o8B fonarch butterflies during the
fall migration of 2006 in six different collectiaites (Table 1, Figure 4). Harlen
Aschen sent me 137 monarchs that he had cauglmigdine fall migration of 2007 at
the same Texas site as in the previous year. bghaphed each butterfly with closed
wings, lying on its right side, against a coloredkground (Figure 5). | took pictures
of the left wings in cases where the right wingsexdamaged. The camera used was
a Nikon Coolpix 995. The sex of each butterfly wased.

For the purpose of testing the validity of the poer¢ isotope analysis
(Hobson et al., 1999), | received monarch buteesfivith known place of origin from
seven sample sites and milkweed leaf samples fibtachtions, sampled in the fall
of 2007 (Table 2 and 3, Figure 6). All butterfligsre put in individual glassine or
paper envelopes and stored in a freezer until agdly

Furthermore, | analyzed the hydrogen stable isotape of 33 tagged
monarch butterflies which had been recovered ifMbgican overwintering site
Cerro Pelon in March 2003. | obtained the locatiod date of tagging from the
searchable tag recovery database of the Monarchh/éatjanization

(http://www.monarchwatch.org/scgi-bin/search2.ptéssed June 2008) (Table 4).
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In addition, my advisor Orley R. Taylor took photef210 monarch
butterflies at one monarch overwintering site ia #nea of Cerro Pelon, Mexico, on
February 28, 2007. There were no living butterfaéshis colony site; they had
probably been killed by cold temperatures in Jan(¢@r R. Taylor, pers. com.;
Monarch Watch: http://monarchwatch.org/blog/20082Q&]eforestation-and-
monarch-conservation Accessed June 14, 2008). Tirgelength of those monarchs
probably reflect the size of monarchs reaching Mexsince Calvert and Lawton
(1993) found that forewing length did not changesamples during immigration and

stable phases of the overwintering period betweavelkhber and mid-February.

.
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Figure 4. Sampling sites of monarch butterfliedemtéd in fall 2006 and fall 2007 and the
overwintering site Cerro Pelon in Mexico.
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Table 4. Tagging andD information of monarch butterflies recovered ie}ito in March
2003. Report City was Cerro Pelon, Mexico, in abes. * indicates replicates.

oD Value Tag Code Tag Tag City Tag Date  Report Date
(%o) State
-142.51 AGB 064 JM MN Cannon Falls 8/17/2001  3/BR0
-139.32 AJR 308 LM* KS Wamego 9/19/2001  3/5/2003
-136.63 AJR 308 LM KS Wamego 9/19/2001  3/5/2003
-135.69 BDI 063 JM 1A Grand Mound  9/30/2002  3/5/200
-134.88 AHL 135 LM n/a n/a n/a 3/5/2003
-132.88 AGY 088 JM TX Del Rio 10/12/2001 3/5/2003
-130.93 AIC 183 JM n/a n/a n/a n/a
-130.66 ACF 469 LM Ml Grand Rapids  9/12/2001 3/®%20
-125.94 AHW 806 LM  SD Baltic 9/2/2001 3/5/2003
-125.85 AND 788 LM n/a n/a n/a n/a
-124.61 ACY 086 JM MN Rochester 8/16/2001  3/5/2003
-123.96 ACS 643 LM 1A Dysart 9/2/2001 3/5/2003
-120.88 ACS 643 LM* 1A Dysart 9/2/2001 3/5/2003
-123.62 ABY 529 LM n/a n/a n/a n/a
-121.69 ADS 268 LM MN Campbell 8/19/2001  3/5/2003
-120.69 ADF 318 LM NE Hastings 8/23/2001  3/5/2003
-119.56 AJP 528 FE TX Dripping n/a 3/5/2003
Springs
-118.6 AHR 319 LM IA Carroll 9/5/2001 3/5/2003
-116.85 AIP 578 LM NE Hebron 9/18/2001  3/5/2003
-116.59 AFK 776 LM TX Del Rio 10/13/2001 3/5/2003
-114.91 BIX 404 JM ON Grand Bend 10/9/2002  3/5/2003
-114.61 ACD 460 LM n/a n/a n/a n/a
-113.34 YL 495 LM MN Rochester 9/5/2001 3/5/2003
-112.9 AHM 717 IM n/a n/a n/a 3/5/2003
-111.64 ACC 872 LM KY Henderson 9/15/2001  3/5/2003
-111.3 AFT 779 JM OK Oklah. City n/a 3/5/2003
-110.44 ACK 810 LM IA Jesup 9/2/2001 3/5/2003
-104.88 ACK 810 LM* |A Jesup 9/2/2001 3/5/2003
-108.16 AJZ 175 IM KS Lawrence 9/15/2001  3/5/2003
-107.92 ADJ 678 LM MN Maplewood 9/10/2001  3/5/2003
-98.21 BER 165 JM IL Lomax 9/11/2002  3/5/2003
-94.47 AEI 063 JM KS Lawrence 9/15/2001  3/5/2003
-91.9 BKL 065 JM Mexico Monterrey 10/5/2002  3/5/200
-90.64 AJR 453 JM KS Wamego 9/20/2001  3/5/2003
-83.9 AGF 822 JM 1A Tripoli 9/12/2001  3/5/2003
-81.81 ADA 083 JM Wi Green Bay 9/7/2002 3/5/2003
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Figure 5. Wing length measurement (white line) ai@arch butterfly
collected in Kansas in 2006 with the program ImageJ
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Wing Length Measurements

| measured the forewing length (FWL) of all photamgned monarch
butterflies using ImageJ 1.37v software (Natiomstitutes of Health, downloaded at
http://rsb.info.nih.gov/ij/). This software for geitific image processing and analysis
allows one to draw a line onto a picture and giheslength of the line. | calibrated
the line with a ruler that | included in the picarwhen | photographed the monarchs.
This procedure allowed me to measure the wing lentgt the nearest 0.1 mm. The
forewing was measured from the white spot at thegvllase on the underside of the
wing to its apex (Figure 5). Where the rim of tipex@ahad white spots, | took the
length to the black rim. In some butterflies, tipexawas torn away, so wing length
could not be obtained.

In addition to these samples, | considered the \wing of monarch butterflies
which were sampled in Pennsylvania in 2001 and 2p8fre and during the fall
migration (Table 1). The wing length in these dats measured to the nearest 1 mm.

Gayle Steffey shared this information with me.

Stable Isotope Analyses

Several preparatory steps were necessary in aydeatly wing and milkweed
samples for stable isotope analysis. | chose éiffiesample sizes for each subset of
analysis. For the determination& ands'°C of wings of monarchs collected during

the fall 2006 migration, | chose 10 monarchs frbne¢ states, lowa, Oklahoma, and

* Hereafter referred to as Pennsylvania 2001 (PARAAd Pennsylvania 2003 (PA2003) monarch
butterflies or collectively as Pennsylvania (PA}tbrflies.
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South Caroling sampled in the middle migration phase. Furtheenbselected 10
butterflies from Arkansas as well as 10 from T&adlected during the late phase of
the migration and 50 monarchs collected in Kah8asughout the migration. Since |
intended to determine whether the size of monadelpgends on their natal origin, |
picked large, middle-sized, and small butterflir@ach sample by eye.

Second, | compared the natal origin of monarchebilits sampled in
Oklahoma and Kansas between collection sites dsagéletween the first and
second half of the migration in 2006. In order donpare the relative migration
periods between the two localities, | divided theples according to AA. Samples
collected on days with AAs above 52 were considénedirst migration half, those
below 52 the second migration half. | did not sefeonarchs collected in Kansas on
days with an AA greater than 54.3, which was th&imal AA in the Oklahoma
samples. Moreover, | did not consider monarchs o days with an AA lower
than 48.9, which was the minimal AA in butterflieem Oklahoma. This helped to
maintain comparability between migration periodestdered. Using the statistics
program Minitab, | randomly selected 20 monarchdstlies from Oklahoma and
Kansas from the first migration half respectivetyl®0 monarchs from the second
migration half respectively, totaling 80 samplesr those wing samples, | was

interested in théD value only. Next, | compared tl® value of monarchs collected

® Hereafter referred to as lowa (IA), Oklahoma (O#)d South Carolina (SC) monarch butterflies.
® Hereafter referred to as Arkansas (AR) and TeXX3 (nonarch butterflies.
" Any monarch collected in Kansas hereafter refetoeas Kansas (KS) monarch butterflies.
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in Texas in 2006 to those collected in 280or this, | randomly selected 20
monarch butterflies from each year.

In addition, | analyzed th&D value of all tagged monarchs recovered in
Mexico in 2002 as well as the milkweed and monafadr® 2007 of known origin.
All butterflies that were selected multiple times $table isotope analysis were only
analyzed once. A few replicates, however, testedapeatability of the analysis.

Before the analysis, | cleaned surface lipids ftbmwings using a Soxhlet
apparatus (Soxhlet, 1879) because the isotopic ositiqn of the lipids can be
different from the wing tissue (Wassenaar, 2008j.tRis procedure, pieces of
forewing and hindwing tissue from each selectedmamere punched out using a
paper punch. This technique can be used instegdnafing the whole wing and
obtaining a homogenous powder because there istraesample hydrogen isotopic
variation in monarch butterfly wings (Len Wassengars. com.). The wing tissue of
each monarch was placed into a labeled thimble rohtleck filter paper, which was
sealed with an Impulse Sealer, and put into thenrdlaamber of the Soxhlet
apparatus. The samples were rinsed with a 2:1 afolon:methanol solution for 24
hours before being air-dried (Hobson et al., 1998ckx et al., 2004). The milkweed
leaves were oven-dried at 70°C for 24 hours andrgtavith liquid nitrogen.

For determining carbon stable isotope values, gived 40 to 5@ug of wing
tissue with a Mettler UM3 scale and sealed it 8% mm tin capsules. The analysis

was conducted with a continuous-flow, gas-sourcessaectrometer (Finnigan MAT

8 Hereafter referred to as Texas 2007 (TX2007) n@nhutterflies.

38



253 Isotope Ratio Mass Spectrometer) coupled lemental analyzer (Costech
4010 model) in the W.M. Keck Paleoenvironmental 8viEonmental Stable Isotope
Laboratory at the University of Kansas. For thelysia of the stable isotope ratio of
deuterium in wings and milkweed, 400 to @ of each sample was weighed with a
Mettler UM3 and a Mettler Toledo scale, sealed m®x5 mm silver capsule, and
sent to the Washington State University LaboratoryBiotechnology and

Bioanalysis. There, the samples were equilibriatgd a keratin standard developed
by Wassenaar and Hobson (2003). Usually, the exydadte hydrogen in the wing
tissue exchanges readily and uncontrollably wittvigmt water hydrogen; however,
through equilibration, any alterations to @i signature of the wings were accounted
for. Samples for hydrogen isotopic analysis wemveoted to CO and Hwith a
pyrolysis elemental analyzer (TC/EA, ThermoFinnigadremen); these two gases are
separated with a GC column (0.6m x %" x 4.0 mmlemadar sieve 5A, Varian) and
analyzed with a continuous flow isotope ratio mgssctrometer (Delta PlusXP,
Thermofinnigan, Bremen).

Stable isotope ratios were calculated relativeeterence standards (Vienna
Standard Mean Ocean Water (VSMOV) for hydrogen\dedna Pee Dee Belemnite
(VPDB) for carbon) using the following formula:

8D 0r 8"°C (%) = [(ReampidRstandar) — 1] X 1000

where R = D/H (deuterium/hydrogen)'8€/*C.
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Statistical Analyses

Wing Length Measurements

To test the hypothesis that there is directionkcd®n for size in monarch
butterflies during the fall migration, | performedveral statistical analyses. In order
to determine whether mean wing sizes were diffeaeming sampling localities, |
carried out a Kruskal-Wallis Test with FWL of allomarchs as the response variable
and state of collection, including Mexico, as thedictor variable.

Next, | regressed FWL against latitude of collettsite and FWL against
longitude of collection site. Previous studies hatitaken into account that there may
be differences in forewing length among migratitvages. In order to correct for
these possible differences, | divided the forewergyth according to the three
migration phases and repeated the regressions bfdfainst latitude and FWL
against longitude in each group.

Last, | repeated the above analyses with the data PA included in the
dataset. Only monarchs collected on dates with AB7d0 or smaller were
considered, since this AA is correlated with thgibeing of the migration (O. R.

Taylor, pers. com.).

After that, | compared the FWL of monarchs samjatetthe U.S. during the
fall migration of 2006 to the FWL of monarchs phgriaphed in the overwintering
site Cerro Pelon in February 2007. In order to d\mas due to different sampling

sizes, | used the mean FWL of each collectionasitbtested for differences between
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samples from the U.S. on the one hand and Mexidb@other hand with a one-way

ANOVA.

In order to test the hypothesis of stabilizing seten on FWL, | compared the
variability in FWL among states. | used the coédint of variation as a measure of
variability (CV = (standard deviation*100)/meart)allows the comparison of
variation, even when dealing with samples havirffgint means, because it is
thought to be independent of sample means (SokaRahlf, 1995; Arango Velez,

1996).

Forewing length among the three migration phasedl oionarchs collected
during the fall migrations of 2001, 2003, 2006 2087 were compared. Several
Kruskal-Wallis tests and one-way ANOVAs assesseethdr FWL differed among
migration phases for the entire migration and ansiages. A simple linear
regression showed how much of the variation inviamg length could be explained
by variation in AA, which is a measure of migratjpimase. The analyses were
performed first with and then without the data fred. | performed a one-way
ANOVA and a nonparametric Kruskal-Wallis test ircle@ase where one of the
assumptions of an ANOVA (normality, homogeneityafiances) was violated. Both
tests resulted in the same outcome at a 5% signidi level, which justifies why |
accepted the results. In cases where both assumaptere violated, | used the

Kruskal-Wallis test only.
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Last, a Student’s t-test assessed whether the FMi#smlent monarchs, i.e.,
monarchs collected at an AA of 57.1 or below, hathaificant different mean wing
size from migrants in the PA 2001 and PA 2003 samtven though it is possible
that some of the monarchs assigned as residenésmigrating, the AA is probably
the most reliable means to time the start of thgration when observations are not
possible. The Student’s t-test tested whether meag lengths differed between

male and female monarchs.

Sable Isotopes

A one-way analysis of variance (ANOVA) tested wigetthesD values were
different among states. Then, | divided FWL in greaccording téD values, with
the most negativéD values indicating origin at higher latitudes dhd least negative
oD values origin at lower latitudes. A one-way ANO\A&sessed whether there were
differences in mean FWL among groups for the emtiigration and within each
migration phase. Moreover, | calculated the CV aseld a one-way ANOVA to test
for differences in mean FWL among migration phasesachdD group. Next, |
performed simple linear regression analyses with_F#/predictor variable ar&D
value as response in order to test the hypothesidutterflies are selected for larger
size during the fall migration. Moreover, | comphfNL andsD within the samples
from KS and OK and between the TX, and TX2007 sasplith a Student’s t-test.
Last, | compared the mean FWL of monarchs amongpgrdivided according @D

values in the KS sample and the OK sample resmdgtwith a one-way ANOVA.

42



In order to evaluate the relationship between hyelincstable isotope and
latitude or longitude respectively, | regresseddabersalue of monarchs sampled in
2007 against the latitude of their place of emecgeand against the longitude of their
place of emergence respectively. | repeated tlsguture with théD value of
milkweed collected in 2007. Next, | regressedaberalue of monarchs sampled in
1996 against the latitude of their place of emecgeiihese values were the basis for
the original 1996 base map of monarch hydrogeriestabtopes across North
America. Next, | compared the slopes of the twaesgjon lines as follows (Sokal

and Rohlf, 1995):

RY
Fs= 2(b1 b2)2 =0.1560
+ X
% 5 Z 22 S%vix

_ S
where x*= (X = X)? and S%x =

error (1)

By + By — 4

+SS

error (2)

Since k < Ry o571, -52.41the two groups of data were sampled from popuiatio
of equal slopes. In order to estimatgydn, -s2.4;,1 read the following values from and
F-table: f.osp1, 521= 4.0266 (downloaded at Learning by Simulations:
http://www.vias.org/simulations/simusoft_distcatoi.

Moreover, since hydrogen stable isotope valuesenipitation are
influenced, among other things, by temperatureatheunt of precipitation, altitude,
and distance from the coast (Dansgaard, 1964 plbeed whether these variables
contribute in explaining a variation in tiB value of monarch wings and milkweed.

Three sets of data were considered:
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(1) the isotope data of monarchs sampled in 20@faats of natal origin,

(2) isotope data of milkweed collected in 2007, and

(3) the hydrogen stable isotope data as publiskddidibson et al. in 1999,

with which the 1996 base map was createdu(Eig).

First, | looked up the mean temperature and meecigtation amount from
June to August of the U.S. states in which theebflitss and milkweed had been
sampled in the summer of 1996 and the fall of 2@3pectively (National Climatic
Data Center: http://lwf.ncdc.noaa.gov/oa/climatsteech/cag3/state.html Accessed
June and July 2008). Samples from seven locatro@anada were not included into
the analyses because no mean summer temperatupeemnuitation could be
obtained. Second, | obtained elevation informatiom the Geographic Names
Information System
(http://geonames.usgs.gov/pls/gnispublic/f?p=13@:627204772379933580::NO:::
Accessed July, 2008) and with Google Earth (dowdddaat
http://earth.google.com/). The distance to the estazoast was measured with the
geographic information system software DIVA-GIS &@wnloaded at
http://www.diva-gis.org/down.htm). This includedlogding the coordinates of the
sampling sites and measuring the distance betwaraplsg site and nearest coast
with the distance tools. This approach did not tideedirection of the movement of
air masses into account. Next, | regressedihealue of monarchs sampled in 2007
against each of the five obtained variables seplgrand repeated the same with the

data from 1996.
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After that, | performed a multiple linear regressisith latitude, longitude,
mean summer temperature, mean summer precipit@taunt, elevation, and
distance to the nearest coast as predictor vasanddD as response variable on
each of the three datasets. | used a best sulgsessen to choose the regression
equation with the variables which explained vaoiatin 6D best. Last, | tested
whether temperature and latitude as well as pr@atiph amount and latitude were

linearly related.

All statistical analyses were performed in theistiatl software program
Minitab 14 with a maximal Type | error rate of 0.0%1e non-parametric Kruskal-
Wallis test was used instead of an analysis obwvae in all cases where the residuals
of forewing length neither had equal variance, fodowed a normal distribution, and

could not be transformed to have one.

Gliding Simulations

Computational Fluid Dynamics (CFD) analyses werei@a out with the
computer program FLUENT 6.2.32vhich is used in aerospace engineering. These
analyses illustrated how wing size influencesgrbduction during gliding.
Furthermore, manipulating parameters such as thle anf attack (AT) and wind
velocity (V) allowed me to compare potential fligigrformance of monarchs under

varying conditions. The angle of attacks the angle between the wing’'s chord and

® Fluent Software Package, Ver. 6.2.12, 2005, Flirent Lebanon, NH.
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the direction of movement, and lift increases asaihgle of attack increases
(Alexander, 2002) (Figure 3). The chord is the trigetween the forward most point
of a wing and the farthest rearward point, in aplparallel to the animal’'s long axis
(Alexander, 2002) (Figure 7). For these experimeagpects which influence lift
production such as wing scales, which increaseghidirs, which decrease lift
(Nachtigall, 1967), the effect of the butterfly lyo@hcluding head, thorax, and
abdomen), wing venation, and dihedral could ndlbeored in. The dihedral is the
upward angle of the wing as it goes further awayfthe body (Gibo, 2000).
However, the relative effects of different wingesz angles of attack, and wind
velocities can be compared.

| obtained 35 coordinate points of the right wirigaanonarch butterfly by
tracing its outline on millimeter paper. As a siéhased the picture of a monarch
with its wings in gliding position. The coordinataéowed Wonijin Jin, Ph.D.
candidate in aerospace engineering, to generat@@&adional unstructured grids for
all butterfly wing geometries at three differengbes of attack using GAMBIT
2.2.30° software. A grid is an arrangement of discretensoihroughout the flow
field over which calculations are made (AndersonlB95). A total of 1,031,663
tetrahedral cells with 2,101,939 triangular facesendedicated for each grid
generation (Figure 8). The outer walls were defiaed the walls were located far
from the wing model in order not to cause wall efifeon the model. The grids were

opened in FLUENT 6.2.12 [3d, segregated, lam].

10 Gambit Software Package, Ver. 2.2.30, 2004, FlirentLebanon, NH.
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Figure 7. Wing and airfoil terminology. The croggtson of a wing is shown in B
(Alexander, 2002)

Wonjin Jin and | chose the following values for theee parameters of the
flight simulations, where all possible combinationsre tested, giving a total of 27
(3%) simulations. Angle of attacks of 5°, 7°, and Ww@?e tested. Nachtigall (1967; in
Goldsworthy and Wheeler, 1989) found that the geding numbers of butterflies
and moths seem to be 2.3 to 4 at angles betwerd b%degrees. Even though
FLUENT can theoretically simulate glide with winlgeld at an AT of 15°, the error
at this angle is too big, and no meaningful lifeffwients could be obtained.

For size we assigned forewing lengths of 51.21 themmean wing length of
all monarchs sampled in 2006 and 2007, 39.9 mmiottesving length of the smallest

monarch sampled, and 57.9 mm, which was the largesarch from the migration

47



collections. FLUENT calculated the projected sugfaceas, i.e., the wing areas (A)
with a little deduction for the angle of attack,tbése three wing lengths for both
wings (Table 5). The areas were similar to valubglwArango Velez (1996)
measured with a leaf-area meter. She found a maanasea of 34.81 chat a mean
wing length of 52.26 mm for migratory monarchs andarea of 31.94 crat a wing
length of 49.13 mm for residents.

As headwind velocities, we used 5 m/s, 10 m/s, 4ddm/s. In his
aerodynamic measurements on butterflies in a windel, Nachtigall used velocities
of 1-3 m/s (1967). For Scarce Swallowtailphfclides podalirius), he observed
gliding velocities of 1-10 m/s in nature. Again,edio a large error in our simulations
at a wind velocity of 1 m/s, no lift coefficientsrfthis velocity could be obtained.
Ambient temperature for the simulations was s@36 Kelvin or 23.85°C, which lies
in the middle of the temperature range in which arohs migrate. Wonjin Jin chose

several other parameters, and | set them as walil€T6).

Table 5. Wing measurements and scaling factorthéothree body sizes.

Relative Forewing Length 78% 100% 113%
Forewing Length (mm) 39.9 51.21 57.9
Chord = Width of Wing from Front to

Back (mm) 39.12 50.2 56.77
Upper Wing Area for Both Wings (én  21.47 35.36 45.22

Wing thickness (mm) 0.031 0.040 0.045
Scale Factor for Scaling Grid to Size of 0.000401647 0.000401647
Monarch Wing *0.7793 0.000401647 *1.1309
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Table 6. Parameters set in FLUENT for gliding siatiains.

Energy Energy Equation on

Viscous Model k-epsilon (2 eqgn), realizable

Residual Monitors continuity
x-velocity Convergence Criterion: 0.0001
y-velocity Convergence Criterion: 0.0001
z-velocity Convergence Criterion: 0.0001
energy Convergence Criterion: 0.0001
k Convergence Criterion: 0.001
epsilon Convergence Criterion: 0.001

Force Monitors Wall Zones wing surface
Drag Coefficient Force Vector X: 1

Force Vector Y: 0
Force Vector Z: 0

Lift Coefficient Force Vector X: 0
Force Vector Y: 0
Force Vector Z:1

Boundary Conditions Zone: inlet Velocity Magnitu@e/s): 5 or 10 or 15
Type: velocity-inlet Temperature (K): 297
Turb. Kinetic Energy (As%): 0.1
Turb. Dissipation Rate @s): 1

Zone: outlet Gauge Pressure (pascal): 0.1
Type: pressure-outlet Temperature (K): 297
Turb. Kinetic Energy (Ats): 0.1
Turb. Dissipation Rate @#s’): 1

Reference Values Area {n 0.002147 or 0.003536 or 0.004522
Length (mm) 39.12 or 51.2 or 56.77
Temperature (K) 297
Velocity (m/s) 5orl10or15

The calculation for each simulation case was rumédf an hour to six hours,
or between 150 and 850 iterations, until all reaiddor the lift coefficient and
several other parameters became very small (apmragp6.001) and approached
constant values (Figures 9 and 10). For each @dlounl the PCs at the Eaton Hall
computer lab in the KU School of Engineering hadrbesed. Each computer equips

a 3.4 GHz-Inté! Pentiun? 4 processor and 2.047 GB of RAM.
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Then, lift coefficients and contours of static &% were obtained and lift

production was calculated using the formula (Yoanhgl., 1997):
L=C.x05xpX VxS

where L = lift force (N)
G = lift coefficient (non-dimensional)
p = the density of the air at sea level = 1.225r(i&y/
v = velocity (m/s)
S = projected surface are&)(m

The resultant lift forces were plotted against Al avind velocity at three

different wing areas.

Wind

o
AVA'AVAVAVA'AVAVAVA'&“VA
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oAV z
o e

Grid Feb 11, 2008
FLUENT 6.2 (3d, dp, segregated, rke)

Figure 8. Mesh generation of the right monarch wing
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Residuals
— continuity
— x-velocity 1401
y-velocity
— z-velocity
energy 1e+00
epsilon 1e-01
1e-02
1e-03
1e-04
1e-03
1e-06
1e-07
1e-08
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Figure 9. Residuals, i.e., error, of several patarseglotted against number of iterations.
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Figure 10. Lift Convergence History. The valuettoe lift coefficient (CI) converges
against a constant value. This is an example ®cése of AT = 5°, velocity = 15 m/s,
and area =

113%.
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RESULTS
Wing Length Measurements

Directional Selection

The first prediction of an increase in mean sizenoharchs at lower latitudes
was not well supported. The mean FWL in monarclgqgraphed in Mexico in
2007 was 51.79 mm and slightly longer than theayeof the mean FWL of
monarchs sampled in the six sites in the U.S. duhe fall migration of 2006 (51.3
mm). The difference, however, was not significamj§sted R= 0.0%, k5 = 0.09,

p <0.776).

There were highly significant differences in FWLInftterflies among sample
sites, including a comparison with the Pennsylvamd Mexican monarchs (Kruskal-
Wallis test, adjusted for ties: without PAg H 87.57, p < 0.001; with PA:H=
236.64, p < 0.001; without PA, with MX:H=96.71, p < 0.001, with PA and MX:
He = 242.47, p < 0.001).

There was a significant association between FWLlaimdide as well as
between FWL and longitude in several groups of atign phases (Table 7 and 8). In
general, there seemed to be a slight decrease InviAW decreasing latitude and a
slight decrease in wing size with increasing lomgg (compare equations in Table 7
and 8). For the entire migration, the relationshigs always significant, but not when
the regression was performed on butterflies frooheaigration phase separately.
Excluding the very late, coastal TX and TX2007 nrcha from the regression of

FWL of monarchs sampled in 2006 against latitudetdea nonsignificant result

52



(adjusted R= 0.0%, Fgo7 = 1.31, p = 0.252). When the data from PA wedkuited,
there was a positive relationship between FWL atitude for monarchs from the
middle and late migration phase respectively butaetationship for monarchs from
the early migration phase. Without the data from #&re was a relationship
between FWL and latitude for late migrants butfootarly and middle phase
migrants. However, the low adjusted Rlues showed that variation in FWL was
neither well explained by longitude of the collectisite nor by latitude (Table 7 and
8). A concern with these analyses may be a degaofithe residuals from normality
and heterogeneity of variances, as the resultseoAhderson-Darling test indicate
(Table 7 and 8).

Despite the strong correlation between mean FWUatitdde (p < 0.001),
mean FWL did neither show a consistent patterrhahge with latitude for the entire
migration nor for each migration (Table 9). Over#ie on average largest monarchs
with 53.3 mm had been collected in Arkansas. The laegest sample was the
middle phase migrants from lowa and PA2003. Buiésttollected during the late
migration phase in Texas, 2006 and 2007, and Kameesthe smallest ones on
average. A frequency distribution of forewing ldmffiom the whole migration shows

the relationship among states (Figure 11 and 12).

Sabilizing Selection
Forewing lengths of the TX and TX2007 monarchs thadhighest coefficient

of variation, i.e., the highest variability in foveng length among states. The least
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variable samples were from South Carolina and Askar{Table 9). No pattern
between latitude and CV could be observed; howeawer of the three lowest CVs

were found at the east coast, in the SC and th®@@3A2amples.
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Differences Among Migration Phases

Overall, wing length was significantly different ang migration phases at
each collection site (Table 10). Monarchs fromehdy phase were the largest,
whereas monarchs from the late phase were theestalhen the PA data were not
included, but middle phase migrants had the shontegs in the dataset with the PA
butterflies (Table 9). Within each state of colient only KS and OK monarchs had
significant size differences among migration phg3able 10). Data from Arkansas
and Texas could not be assessed, as all monardtzeka collected during the last
migration phase.

Overall, monarchs from the early migration phasesvi@ger than the ones
from the middle and late phase (Table 9), but ibe of butterflies from the middle
migration phase did not significantly differ frommetlate migrants {fp = 1.21, two-
tailed, p = 0.229). The same pattern showed whemvthg length measurements
from Pennsylvania were included;(t = -0.95, p = 0.343).

However, differences in mean FWL among migratioagas were not
significant for the subset of butterfly wings whialere sorted by their latitude of
origin according t®D value (Table 11 and 12). Only the sample of momavith a
wing 6D between —144 and —130 %0 had significant FWL diifees among
migration phases (Table 11).

There was also a relationship between forewingtleagd AA, according to
which migration phases had been determined (adji&te 2.3%, g4 = 22.00, p <

0.001). However, only 2.3% of the variation in F\¢as explained by AA.
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A visual inspection of the frequency distributiai®ws that wing length

distributions of the early migration phase look tremilar to the distribution found

in Mexico (Figure 13).

Table 10. One-way ANOVA or Kruskal-Wallis test farewing length of monarchs
collected in the United States with migration phas@redictor.

df  test p value df test statistic p value

statistic (adjusted

(adjusted for ties)

for ties)
Ames vicinity, lowa 1 H=2.87 0.09 1,108 F=2.26 0.136
(110)
Pennsylvania 2001 2 H=3.51 0.173 2, 696 F=0.69 0.504
(722)
Pennsylvania 2003 2 H=2.18 0.336 - - -
(1039)
Lawrence vicinity, 2 H =23.07 <0.001 2,276 F=11.50 < 0.001
Kansas (279)
Oklahoma City 2 H=18.93 <0.001 - - -
vicinity, Oklahoma
(111)
Charleston vicinity 1 H=1.78 0.182 1, 157 F=0.98 0.325
(Folly Beach and
Seabrook Island),
South Carolina (149)
All data** 2 H=11.26 0.004 2,2510 F=4.35 0.013
All data without PA** 2 H=8.63 0.013 2,873 F =79 0.004

Table 11. Comparison of forewing length (FWL) ameagly, middle, and late migration
phases at differeD ranges with one-way ANOVASD ranges are an indicator of latitude.

oD Range (%o) (N) df F value p value
-144 to -130 (10) 2,7 16.33 0.002
-129 to -120 (28) 2,25 0.91 0.417
-119 to -110 (38) 2,35 1.29 0.289
-109 to -100 (54) 2,51 0.02 0.98

-99 to -90 (60) 2,57 0.31 0.736
-89 to -74 (25) 2,22 0.65 0.53
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Figure 11. Frequency distribution (with fit) of @wing length of monarch butterflies
sampled in six U.S. states during the fall migmnatwd 2006, of monarchs collected in Texas
during the fall 2007 migration, and of monarchgrirtihe overwintering site in Mexico
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Figure 12. Frequency distribution (with fit) of &wing length of monarch butterflies
sampled in six U.S. states during the fall migmnatwd 2006, of monarchs collected in Texas
during the fall 2007 migration, of monarchs colégtin Pennsylvania during the fall 2001
and 2003 migration, and of monarchs from the ouwaeving site in Mexico.
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Late migration phase (left: AR, IA, KS, MX, OK, STX, TX2007; right: AR, IA, KS MX,
OK, PA2001, PA2003, SC, TX, TX2007).

Figure 13. Frequency distributions (with fit) ofésving length of monarch butterflies
sampled in the U.S. during the three different pbaxf the 2006 and 2007 fall migrations and
of monarchs from the overwintering site in Mexiblmte that Y-scale is not consistent. List
of sampling sites from top to bottom (black: AR réA, green: KS, blue: MX, yellow: OK,
pink: PA2001, violet: PA2003, black: SC red: TXegn: TX2007).
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Residents versus Migrants and Male versus Female

In the PA 2001 sample, resident monarchs had signily shorter wings
than migrants (t; = 2.60, two-tailed, p = 0.011; 52.12 for migrarg$.74 mm for
residents) but not in the PA 2003 sampje & 0.75, two-tailed, p = 0.459; 52.56 mm
for migrants, 51.8 mm for residents).

Male butterflies had longer wings than femaleshim s$amples from all but one
state (Table 13). Overall, differences in wing feéween sexes were not significant,
although male wings were 0.33 mm longer on avefge = -1.76, two-tailed, p =
0.079). However, with the Pennsylvania butterfleduded, differences between
sexes were highly significant g = -5.41, two-tailed, p < 0.001). Within each stat
of Arkansas, South Carolina, and Pennsylvania (2001.2003), male and female
monarchs were significantly different in size, wdees butterflies from the other states
did not differ. Male PA2001 and PA2003 monarchsgaesl as residents had on
average longer wings than females (males: 51.91femmales: 51.58 mm), but the
differences were not significant{§ = -0.73, two-tailed, p = 0.467). Since sexes
could not be determined for a large portion of ntohs photographed in Mexico,

wing length between males and females could nabbgpared.
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Table 13. Mean forewing length of female and mabmanch

butterflies.
State Mean Forewing Length (mm)
Female Male

1A 52.08 52.34
PA2001 51.60 52.32
PA2003 52.17 52.64
KS 50.58 50.88
OK 50.59 51.15
AR 52.61 54.07
SC 51.24 51.95
TX 49.25 48.77
TX2007 49.96 50.42
All data without PA 50.89 51.22
All data 51.54 52.12

Stable Isotope Analyses

Directional Selection

The stable isotope analyses addressed the predibablarge monarchs at
any one location originate from farther north tisamall butterflies. Wing size
increased with decreasin® value, i.e., the farther north the monarchs oatgd
(Table 12 and 15, Figure 14). There was a sigmificalationship between FWL and
8D (Table 14). The adjustedf Ruggests that 16.5% of the variation observed in
forewing length can be explained &y, as a surrogate of latitude of natal origin
(Figure 14). For all the stable isotope data paal&d7% of the variation in FWL
could be explained by variation D (Table 14). The same trend of increasing wing
size with increasing latitude was observed whemibasurements were divided into

the three migration phases (Table 14). The coefiitcof variation of FWL in the
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groups according teéD value tended to increase at less negaftive.e., at lower
latitudes(Table 12). The decrease in variability at lovaitlide is obvious in the
frequency distribution of FWL from the late mig@tiphase (Figure 15), but not so

much in the frequency distribution of FWL for thetiee migration (Figure 16).

58+
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48
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46+

44+

42

T T T T T T T
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Figure 14. Linear regression of forewing lengthiaga@D with 10 samples from each IA,
OK, AR, SC and TX 2006 and 50 samples from KS. TKeoutlier 6D = -46.98) was
removed.
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Table 14. Regression of forewing length (FWL) verdD.

F Adjusted Regression
Monarch Sample df value pvalue R? Equation
53 specimens from KS, 10 1,100 20.91 <0.001 16.50% FWL=41.4-
specimens from IA, OK, AR, 0.08985D
SC, and TX each
All isotope data* 1,213 34.86 <0.001 13.70% FWHED -
0.08356D
All isotope data fromearly 1, 30 9.88 0.004 22.30% FWL =41.90 -
migration phase 0.089775D
All isotope data from middle 1, 58 7.08 0.01 9.20% FWL =44.49 -
migration phase 0.062115D
All isotope data from late 1,120 15.08 <0.001 10.40% FWL =41.54 -
migration phase 0.08448D
Kansas 1st and 2nd half 1,38 0.69 0411 0.00% BWL.4 -
0.03106D
Oklahoma 1st and 2nd half 1,38 8.31 0.006 15.80% WL E 40.8 -
0.09985D

* 93 monarchs from KS, 50 from OK, 23 from TX200a®, from TX2007, 10 from IA,
AR, and SC

Table 15. Mean forewing length (mm) of monarchditierentdD ranges in
the two states with the highest sampling sizefirfN). ThesD ranges are
an indicator of latitude with the most negativeues indicating higher
latitudes and least negative values indicating ldetudes.

3D Range (%) OK (50) KS (93)
“144 to -130 54.18 51.90
-129 to -120 51.38 51.11
-119 to -110 51.66 50.24
-109 to -100 52.97 51.93
-99 to -90 50.18 49.68
-89 to -74 47.37 49.84
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Figure 15 Frequency distribution (with fit) of forewing lgth of monarch
butterflies sampled in the late migration phase gmodiped in different ranges of
oD valuesdD values are an indicator of latitude.
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Figure 16. Frequency distribution (with fit) of &wing length of monarch
butterflies sampled during the entire migration gnalped in different ranges of
oD valuesdD values are an indicator of latitude.



Comparisons between migration halves in KansaOktahoma showed that
monarchs from the first half had longer wings thamnarchs from the second half
(Table 16). The difference was significant for ttega from Kansas (Table 17). 15.8%
of variation in forewing length seen in Oklahomailcobe explained by variation in
8D if a linear relationship was assumed (Table IrtludingdD? andsD?® as
predictors improved the model and yielded an adfu& of 20.7% (B3 = 4.39, p <
0.001) (Figure 17). None of the variation in FWlesen Kansas could be explained
by 6D (Table 14). Differences in FWL @D value between KS and OK for first or
second migration half were not significant (Tabfg.1

Mean wingdD value was more negative in the first half in bsttes, i.e.,
monarchs originated from farther north on averdge minimuméD value was
found in the first migration half as well (Table)16lowever, the difference in the
hydrogen stable isotope ratio between migratiomdsaivas only significant in the

OK monarchs (Table 17).
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Table 17. Student’s t-test evaluated differencdsriewing length between samples and
differences irbD value between samples.

Samples Forewing length oD Value (%o)

df tvalue pvalue df tvalue pvalue
Kansas 1st versus 2nd half 36 2.49 0.017 35 -1.71.96 0
Oklahoma 1st versus 2nd half 37 0.16 0.871 27 -2.50.017
Texas 2006 versus 2007 35 -1.17 0.249 36 2.95 0.006

KS 1st half versus OK 1st half 34 0.18 0.859 35 40.6 0.526
KS 2nd half versus OK 2nd half 38 1.79 0.082 37 40.3 0.734

60
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Figure 17. Nonlinear regression of forewing lenagiainstsD with 19 samples from the first
migration half and 21 samples from the second rtigraalf in OK, sampled in 2006.

As to a comparison among years, monarchs collectédxas in 2007 were
on average larger than the ones collected in 2086I¢ 16). This difference,
however, was statistically not significant (Tabl®.ITexas 2007 monarchs had a

more negative mean hydrogen stable isotope ratowe®er, the minimurdD from
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2007 was about 10 % more negative than the one 2@d6 (Table 16). This
indicates that monarchs collected in Texas in 2081¥ a longer average FWL and
originated from higher latitudes than those sampldtie same location in the

previous year. The difference dd was significant (Table 17).

The Sable I sotope Technique

| used the 1996 base map to evaluate the hydrdgble ssotope data of
tagged monarch butterflies recovered in Mexicanbrst cases, the tagging location
was south of the latitude of natal origin or at $laene latitude, as interpreted by the
map (Table 4, Figure 2). Only a few locations weoeth of the place of origin
according to theéD value, for instance, monarchs tagged in Trigdlj,or Green
Bay, WI. Replicates of the wing isotopic ratio bfde butterflies show that tlo®
value of the same individual varied between 2.7 266bo.

There was a significant relationship betweensfbevalue of monarchs and
their latitude of natal origin as well as betweleadD value of milkweed and the
latitude of collection (Table 18). In both caségdD value increased with
decreasing latitude (Figure 18 and 19). This waes &s well for the linear regression
performed on the monarch hydrogen stable isotofgemislished by Hobson et al. in
1999 (Table 18). Adding the quadratic variabletleaté& improved the fit of the model
(adjusted R= 68.0%, 30 = 35.05, p < 0.00BD = - 158 + 4.96 latitude - 0.0892
latitude’). However, for better comparison, | plotted theekir regression line of both

the data from Hobson et al. (1999) and my own nanhbutterfly data (Figure 18).
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The slopes of the two regression lines were natifsigntly different (k= 0.156 <

Fo_95[1’ -52.4] Table 18).

-70 1 s
_80 .
_90 .
T -100-
g
8 -110-
-120
Variable ® ]
1301 g monarch 2007
= ® = monarch 1996 = e
-140 1 T T T T T T
25 30 35 40 45 50
latitude

Figure 18. Linear regression of hydrogen stabl®®values against latitude. Black: Values
of monarchs sampled during the fall migration if20Red: Values of monarchs sampled
during the summer of 1996, as published by Hobsah ¢1999).

72



Table 18. Linear and multiple regressions of dédférvariables versui of monarchs and
milkweed with known natal origin. Predictor variablwere latitude (lat), longitude (lon),
elevation (el), and distance to the nearest cefjsvf the location of origin, and
temperature (T) and precipitation amount (P) betwhee and August of the sampling

state in the respective year.

Dataset df F p value Adjusted Regression Equation
value R?2
(1) Monarch 2003D* 1,15 8.89 0.009 30.0% 6D =-20.53-2.197 lat
(2) Milkweed 2007%D* 1,15 15.94 0.001 48.3% oD =1.0-3.30 lat
(3) MonarchdD from 1,31 5464 <0.001 62.6% oD=-27.9-1.95Iat
Hobson et al. (1999)*
(1) Monarch 2003D* 1,15 0.15 0.705 0.0% oD =-119-0.234 lon
(2) Milkweed 2007%D* 1,15 0.3 0.592 0.0% 8D =-102 +0.311 lon
(3) MonarchsD from 1,31 13 0.263 0.9% oD =-115-0.101 lon
Hobson et al. (1999)*
(1) Monarch 200B3D** 1,15 9.55 0.007 34.8% o6D=-180+3.28T 07
(2) Milkweed 200D** 1,13 1.17 0.298 1.2% dD=-174+2.04T 07
(3) MonarchsD from 1,25 36.04 <0.001 574% o6D=-199+1.34T 96
Hobson et al.(1999)**
(1) Monarch 2003D** 1,15 0.07 0.79 0.0% 6D =-91.8-0.030 P
07
(2) Milkweed 200D** 1,13 1.05 0.323 0.4% 6D =-99.9-0.0848 P
07
(3) MonarchsD from 1,25 0.36 0.556 0.0% 6D =-105+0.0127 P
Hobson et al.(1999)** 96
(1) Monarch 2003D** 1,15 1.18 0.295 1.1% 0D =-97.7 - 0.0222 el
(2) Milkweed 200%D** 1,15 1.45 0.247 2.7% oD =-123-0.0182 el
(3) MonarchsD from 1,31 202 0.166 3.1% 8D =-109 + 0.00910 el
Hobson et al.(1999)**
(1) Monarch 2003D* 1,15 0.76 0.398 0.0% oD =-98.5 - 0.0096 dis
(2) Milkweed 2007%D* 1,15 3.92 0.066 15.4% oD =-117-0.0174 dis
(3) MonarchsD from 1,31 3.75 0.062 7.1% 6D =-101 - 0.00761
Hobson et al. (1999)* dis
Best Subset Regression
(1) Monarch 2003D** 3,13 6 0.009 48.4% oD =116-3.83 lat -
0.278 P 07 + 0.0346 el
(2) Milkweed 200%D** 6,8 8.36 0.005 75.9% oD =1712-24.6 lat +
5.841lon-21.8T 07 +
0.104 P 07-0.123 el +
0.213 dis
(3) MonarchsD from 3,29 20.87 <0.001 651% o6D=-24.6-2141lat+

Hobson et al.(1999)**

0.00522 el + 0.00368
dis

* these datasets include the sampling locations f@@nada; without the Canadian sites, the

adjusted Rz was generally lower
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** these datasets exclude the sampling locatioom fCanada because mean summer
temperature and precipitation could not be obtaingde same fashion as for U.S. states

The relationship betweeaiD value and temperature was significant in two of
the three datasets, but the relationship betwBeand amount of precipitation was
significant only in the dataset from 1996 (Tablg. Ilhere was no significant
relationship betweedD value and elevation of sampling site, distancéhéonearest
coast, or longitude in any of the three datasetveltheless, for dataset (2),
milkweed sampled in 2007, the regression line iatgis a negative relationship

betweersD and distance to the nearest coast (Figure 19).
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Figure 19. The relationship betwe&d and distance of milkweed sampling site to thaesta
coast was significant at the 0.1% significancell€Ugpe | error rate of 0.1) but not at the
0.05% significance level (p = 0.066).
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Latitude and elevation entered as predictor vaegmbbroD in all of the
multiple linear regression equations chosen withliast subset regression.
Precipitation amount and distance to coast werdigias in two of the three
regression equations. For thie in milkweed, all predictor variables enteredhe t
equation (Table 18).

The multiple linear regression analysis showed itigin summer temperature
and precipitation amount helped explain variatiodD. Mean summer temperature
was included in the best multiple regression equdir the hydrogen stable isotopes
in milkweed, and precipitation amount was one \@eaf the best equation foD of
monarchs collected in 2007 (Table 18). Mean suntaraperature alone explained
34.8% of the variation i6D of monarchs from 2007. As to the isotope datdiplibd
by Hobson et al. (1999), mean summer temperatusehebest single predictor in
the dataset which excluded isotope values sampl€@dnada. It explained 57.4% of
the variation in the wingD (Table 18).

The relationship between latitude and temperatuae lighly significant,
whereas latitude and amount summer precipitatiomed a significant relationship

only in one of the three datasets (Table 19).
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Table 19. Linear regression of different variahlessus latitude (lat) of origin of monarchs
and milkweed. Predictor variables were temperaflir@and precipitation amount (P)
between June and August of the sampling stateeing$pective year. The datasets exclude
the sampling locations from Canada because meamsutemperature and precipitation
could not be obtained in the same fashion as 8t btates

Dataset df F p value adjusted Regression Equation
value R2
(1) Monarch 2003D 1,15 96.27 <0.001 8560% lat=69.1-136T
(2) Milkweed 2007%D 1,13 21.72 <0.001 59.70% lat=66.9-1.20T
(3) MonarchdD from 1,25 104.65 <0.001 79.90% lat=73.1-152T
Hobson et al. (1999)
(1) Monarch 2003D 1,15 3.05 0.101 11.40% lat=50.8 - 0.0486 P

(2) Milkweed 200D 1,13 2.48 0.139 9.60% lat = 30.5 + 0.0264 P

(3) MonarchsD from 1,25 7.73 0.01 20.60% lat=47.6-0.0282 P
Hobson et al. (1999)

Gliding Simulations

The contours of static pressure showed that thasel@ss pressure on the
upper side of the wing and more pressure on therewle (Figure 20). The low
pressure on top pulls up, the high pressure obattem pushes up, and adding the

pressures together over the wing’s surface givediftiforce (Alexander, 2002).
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Figure 20. Static pressure contours for the cagelof 5°, velocity = 15 m/s, and area =
113%. The lower underside of the wing is shownlenléft; the upper surface is on the right.
Red indicates high pressure, whereas blue stand®fd@ressure.
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Increases in any of the variables led to a riddtiproduction (Figure 21
through 23). Lift increased proportional to wing@aror angle of attack increased and

proportional to velocity-squared (Table 20).

Table 20. Changes in lift force with changes ingvamea (A), wind velocity (V), and angle

of attack (AT).

V and AT constant

absolute change in A

absolute mean changé@bo change in A

% mean change in

() in lift (N) lift

0.00215 0.046 100.0 100.0
0.00354 0.076 164.7 164.6
0.00452 0.097 210.6 211.0

AT and A constant

absolute change in V

absolute mean changébo change in V

% mean change in

(m/s) in lift (N) lift

5 0.015 100.0 100.0
10 0.062 200.0 406.2
15 0.142 300.0 926.6

V and A constant

absolute change in

absolute mean changé@b change in AT

% mean change in

AT (degree) in lift (N) lift

5 0.05 100.0 100.0
7 0.071 140.0 140.1
10 0.099 200.0 196.3
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Lift vs Velocity and Angle of Attack at an Area of 21.47 cm2

0.3
—
0.2 4
Lift (Newton)
0.1
15
0.0 10 .
5.0 Velocity (m/s)
7.5 5
10.0

Angle of attack (degree)

Figure 21. Lift versus velocity and angle of attatkhe smallest area simulated.

Lift vs Velocity and Angle of Attack at an Area of 35.36 cm2
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Figure 22. Lift versus velocity and angle of attatlaverage wing area.
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Lift vs Velocity and Angle of Attack at an Area of 45.22 cm2
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Figure 23. Lift versus velocity and angle of attatkhe largest area simulated.
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DISCUSSION

Directional Selection

In this study, | tested the hypothesis that dimwl selection favors monarch
butterflies with longer wings during their annuall imigration from southern Canada
and the United States to the overwintering sitedeéxico. Stable isotope analysis
provided evidence for the presence of directiorldion. It addressed the prediction
that monarchs with longer wings at any locatiogioate from higher latitudes than
smaller butterflies. In general, monarchs withghler FWL had more negative
hydrogen stable isotope values, which indicate®eemorthern natal origin than less
negative values. This pattern could be observedlfosotope data pooled, a subset of
all isotope data, as well as in a comparison afltesample taken from Oklahoma.
13.7% to 16.5% of the variation & could be explained by forewing length. There
was, however, no relationship between these twiahias in a subsample from
Kansas.

Moreover, the same general trend was observed irarab butterflies from
Oklahoma. In addition, the TX2007 monarchs hadgadr mean forewing length
than the TX ones and a more negative ntdawalue. These findings indicate that
there is year to year variation in the origin oftbtflies reaching coastal Texas and
that butterflies from higher latitude, as showntlgdD values, tend to have longer
wings than butterflies from lower latitudes. Sima@g size tends to decrease with

date of capture (Borland et al., 2004; Gibo McCuB93), another possible
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explanation is that the sampling of the TX2007 nrohs had started 24 days earlier
than the collection of the TX butterflies (Table 1)

These observations that monarchs with longer fargsvoriginate from
farther north would seem to suggest that monaratislarger wings may have a
higher survival rate than those with shorter wirggguming that the wing length
distribution is the same at the beginning of tHerfagration in the entire breeding
range of the eastern North America monarch buyteffldifferential survival based
on wing size differences probably leads to the bfamonarchs from higher latitudes
having longer wings and those from lower latitutasing shorter wings. Individuals
with longer wings would thus be selected for, andaverage more larger butterflies
could potentially reproduce after the overwinterpagiod and pass on their genes to

offspring.

Selection Pressures

Aerodynamic and metabolic advantages during therfgiration predict that
monarchs with longer wings should be more successfirogressing south and in
reaching their overwintering sites. First, monabocitterflies rely heavily on soaring
and gliding during the migration (Gibo, 1981). Adar wing area produces more lift,
as illustrated by the CFD analyses, and thus allavger monarchs to travel longer
distances. Another possible aerodynamic advantblgamger wings was
demonstrated by the analyses of Beall (1948), whasured the wing length of 47

monarchs lost in crossing Lake Erie on 13 Septerh®48. These drowned monarchs
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had statistically significantly shorter wings ththiwse taken from clusters around the
same area within the same week. This outcome stggthed the smaller monarchs
suffered the greater loss. Possibly, the butterfivéh longer wings withstand adverse
weather conditions better than the ones with sharitegs or make better use of
rising winds and survived crossing Lake Erie. Ttwe fat content of the drowned
monarchs may have also played a role in this ouécom

A second advantage during migration may be thetwabil larger butterflies to
store more lipid reserves. In a study of the leptdcan family Olethrutidae, Miller
(1977) showed that biomass increases with incrgdeirewing length, suggesting
that larger individuals can potentially store mtat Considering the long migration
of monarch butterflies, it is important for the tautlies to have enough fuel in form
of lipids, and larger monarchs are therefore thotghe more successful than
smaller ones during the migration cycle (Arangoezell996). Moreover, the bigger
butterflies have a lower metabolic rate per graasug as compared to smaller ones,
which may give them a relative energetic advanté&gedon Plague (1992)
demonstrated the effect of body size on metabate of monarchs by measuring
oxygen consumption of monarch butterflies (Chaphd Wells, 1982; Silverthorn,
2007) in an experimental ecology class. He foundgative relationship between
body weight and ©@consumption per gram weight in non-reproductiveg(atory)
monarch butterflies. Ten to 26% of the variatiomady weight was explained by, O
consumption, depending on the collection site eflihitterflies (Linares, Mexico, or

Lawrence, KS). In mammals and birds, Speakman (2€li&ved a negative
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relationship between lifetime expenditure of engogy gram body tissue and body
mass.

Considering the whole animal, a reduction in sestuces the overall
metabolic costs of flight (Angelo and Slansky 1884). However, this aspect is most
important in powered flight. For a butterfly whiokes a lot of soaring and gliding
during a long migration the advantage of havingrgd wing area, which increases
lift production, and the ability to store lipids fagel probably outweighs the increased
metabolic cost of a higher body mass during shenbgs of flapping flight (Arango

Velez, 1996).

What Prevents Wings from Getting Too Long?

Aerodynamic constraints during mating and predatmidance may prevent
selection for yet even longer wings. In the ovetaimg sites in Mexico, non-random
mating has been observed, where preferentiallylsandllightweight males with
wings in poor conditions mated with heavy femaléth varge wings in good
condition. These mating patterns do not seem théeesults of female choice;
rather, small males captured large females dummiglgpursuit (Van Hook, 1993).
This non-random mating may suggest that males ehlanger, heavier females
which might ensure a higher survival rate of offisgr However, it has been observed
that male butterflies at the overwintering sitdsrapt to mate with females of any
size, and even males (O. R. Taylor, pers. comlabaratory experiment by Orley R.

Taylor (pers. com.) suggested that the non-randatingn pattern observed in
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Mexico is not due to male choice but is insteadsalt of differential maneuverability
based on wing size and body weight. Lightweightlenmaonarchs with on average
short wings mated with heavy females with largegsimwhen male and female
monarchs of all size- and weight-ranges were plat@dmating cage at a time of
reproductive activity. Females have been describee resistance to mating (Van
Hook, 1993; Solensky, 2004). The bias toward |degeale monarchs mating may be
due to the fact that they cannot escape male @pttempts as easily as females with
shorter wings. Large wings may incur disadvantag@saneuverability, as indicated
by Wickman’s (1992) study on butterfly mating sysge In the perching system,
males typically sit and wait, and rapidly take toffvards passing object, whereas
males of patrolling species actively search intiifpr females. Male butterflies of
perching species had, among other variables, hagpct ratios (wing span squared
divided by wing area, with wing span = two timesigviength) and wing loadings
(fresh body weight divided by wing area) than piéitrg species. This indicates that
their wing area was smaller, which may, togetheéhwwiore flight muscle mass,
promote rapid acceleration ability, speed, and meambility (partly a series of
changes in acceleration) as opposed to flight exrd, which is important in
patrolling species. Rapid acceleration and manaidy may therefore explain why
smaller female monarch butterflies can better aneading than females with larger
wings. It remains to be seen whether such a notderarmating implies differential
reproductive advantages and can influence mean lemggh of the North American

monarch butterfly population.
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Greater maneuverability of monarchs with smallargsimay also present a
survival advantage with respect to escaping froedators. It has been demonstrated
that some palatable butterflies have shorter wargssmaller wing areas as well as
shorter and stouter bodies with more flight muscéess than unpalatable ones
(Wickman, 1992). The palatable, smaller butterfiaa more easily evade predatory
birds. Similarly, hummingbirds with shorter wingsynhave better acceleration and
maneuverability (Feinsinger et al., 1979). Althougbnarch butterflies are toxic, two
bird species and a mouse species prey on there at/grwintering sites in Mexico
(Alonso-Mejia et al., 1998). Alonso-Mejia et al9@B) did not find a difference in
wing length between monarchs preyed on by birddigadnactive ones collected
from trees in one overwintering area. However, simost monarchs at the
overwintering sites are attacked by birds whilertt@archs are inactive in clusters
in the early morning (O. R. Taylor, pers. com.) n@averability and wing size does
not seem to play a role in this type of predation.the other hand, Pinheiro (1996)
established the general rule that larger neotropigiterflies tended to escape bird
attacks more frequently than small ones due ta theh flight speed and sometimes
unusual aerial maneuvers. Further observationgparanents are necessary in order
to determine whether wing length plays a role mékcape of monarchs from
predators, what wing size may be optimal, and wkiar morphological properties

of the monarchs play a role.

85



A Possible Alternative Explanation

The observation that larger monarch butterfliegiogate from higher latitudes
could be explained by cooler temperatures and wnédole feeding condition in the
northern parts of the breeding ground. Temperancelatitude are related, with
cooler temperatures generally found farther noréb(e 19). It has been
demonstrated that cooler temperatures and stanvdtiong development lead to an
increased size of some insects and specificalieased wing size of butterflies at
higher latitudes (Arango Velez, 1996; Chown andt@as1999). Previous studies
have found both this pattern during the fall mignatBeall and Williams, 1945;
Borland et al., 2004) as well as the opposite patté small monarchs being collected
at higher latitudes and monarchs with longer wingisg sampled at lower latitudes
(Beall and Williams, 1945). My own data does naivsta pattern of size increase or
decrease with latitude of collection site (TableF9wever, it is difficult to interpret
data of monarchs sampled during the migration bex#wey probably represent a
mixture of butterflies originating from various pks north of the sampling location,
monarchs freshly emerged at the site of collect@snyell as nonmigratory monarchs.

The pattern that monarchs originating from thembed longer wings than
those from the south (Table 12 and 15) allows twterpretations. It can be explained
by directional selection for longer wings during ttall migration, by a temperature-
dependent size gradient across latitude, or baticeSrariability in FWL tended to
increase at lower latitudes (Table 12), the pat®epossibly due to selection for

longer wings. If all sizes of monarchs were equallgcessful in the migration and
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the pattern is due to a temperature-dependengsizkent, | would expect the
variation in FWL and frequency distribution in eadh group to be similar with just
the mean FWL increasing at less negadidevalues, i.e., at lower latitudes. However,
variation at less negativi® increases, which indicates that only a certagugrof
monarchs around a high mean FWL may survive, anghnebs of all size ranges join
the migration as the monarchs move south. Thesaros joining may not have
been subject to selection pressures yet or locabanoh may have been caught, which
adds to the variability in FWL at lower latitud€szen though it is possible that
monarchs originating in the south have longer wimgsiverage, it is likely that there
is a directional selection for longer wings durthg migration. Sampling freshly
emerged migratory monarchs at different latitudesiid resolve which explanation

for the observed relationship between FWL andudgtis most probable.

Wing Length Measurements

The wing length measurement analyses consideree did sufficiently
support the hypothesis of directional selectiomamgy size during the fall migration.
Even though monarchs from Mexico had longer witgstmonarchs sampled in the
U.S., the difference was not significant. It is nettain how well the butterflies
photographed in Cerro Pelon represent the wingltheoigmonarchs arriving in the
overwintering sites, which would be the more rdkafroup of monarchs for the
comparison. However, it has been shown that meah &\Whonarchs in the

overwintering sites remain the same until mid-Fabywand decline afterwards
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(Calvert and Lawton, 1993). Since the sample of ancims from Cerro Pelon had
probably been killed by cold temperatures in Jan(¢@r R. Taylor, pers. com.;
Monarch Watch: http://monarchwatch.org/blog/20082Q&]eforestation-and-
monarch-conservation Accessed June 14, 2008), F@dsarements are likely to
represent the FWL of monarchs arriving in Mexicogri&ater sample size may give
more evidence, especially since only the mean fimgVengths was compared in
order to avoid bias due to different sampling sizes

There was no increase in mean size of monarchalatton sites with lower
latitude. In fact, the sample with the smallestgveize came from Texas, collected in
2006, the southernmost collection site in the Ol8s corroborates previous studies
which found smaller monarchs in southern statesl{B&d Williams, 1945; Borland
et al., 2004). Rather, the simple linear regressiditated that there was a decrease
in wing length with decreasing latitude. Yet, tretationship was more often than not
non-significant in the forewing length data colkgtin 2006 and 2007 and latitude
explained only 1.5% or less of the variation ineflwing length (Table 7). The
significance was generally higher when the PA208d RA2003 data were included.
However, since it is not certain that the wing ngf these butterflies had been
measured the exact same way | did, a direct cosgraof these wing length data
with the other data is difficult.

The reason that no wing size pattern can be detects lie in the problem
that the butterflies used for FWL measurementsasgt a mix of monarch groups

with differences in wing length due to several eliént reasons. Migratory monarchs
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could not be distinguished from freshly emergetboal monarchs. Depending on the
distance traveled, migratory monarchs may havedyréeen subject to selective
pressures, thus shifting the mean wing lengthoMtrast, the size of freshly emerged
monarchs is determined only by genetic, environaleahd developmental factors,
and not by selective pressures. Monarch butterlidloreed during the migration
until the late migration phase (Urquhart, 1987)ewlhe environmental factors
influencing wing size can be very different frone tummer. In Lawrence, KS,
monarch larvae can be found until the first weekofober (O. R. Taylor, pers.
com.), which falls into the late migration phasalfle 1). On October 4, 2001, in
Cape May, NJ, local monarchs were still matingingyeggs, and dying, while
migrant monarchs were coming through with forcewyNiersey Audubon Society
homepage:
http://www.njaudubon.org/Tools.Net/Sightings/Siglgs.aspx?rt=NaturalHistory&rd
=10/4/2001&tlI=&tk=&ss= Accessed May 11, 2008.). Tigtude angle on that day
was 46.5 (U.S. Naval Observatory), which indicdbeslate migration phase.
Breeding during the fall migration seems to be camr(Borland et al., 2004). A
possible decrease in food availability and theiaaotrvalue of milkweed (Langvatn et
al., 1996) during development time can influencdyband wing size of monarchs
emerging during migration and lead to different ms&es from the summer
population or butterflies emerging at the beginreh¢he migration. Borland et al.
(2004) speculated that late migrants in Texas naa Ishorter wings because they

were compromised during their larval developmert sarcrificed wing length to
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rapid development or lipid storage. This may begéeeral case in monarchs that
develop when the migration is already on its wagrédver, the butterfly samples
from the early migration phase might contain summenarchs, which have shorter
wings than migratory monarchs (Herman, 1988).

Monarchs sampled further east, i.e., at the Attariast, had longer wings
than monarchs sampled at western longitudes. €hasanship was significant in
most cases (Table 8). It is possible that monaachdlown off course on the Atlantic
ocean and drown (Campesino, 2003; Urquhart, 1280 monarchs with small
wings may have more difficulties withstanding wiraitdlying back to land if blown
out to sea or attempting to cross from peninswasdinland areas, e.g. Cape May,
N.J., as Beall's (1948) observation on monarchsdtaessed Lake Erie suggests.
Here, drowned monarchs had on average shorter whagdiving ones sampled in
the same area. This may explain why butterfliesptadncloser to the east coast had
on average longer wings. However, the TX monarcdiieaed at the coast of the
Gulf of Mexico had small average wing lengths wi$h9 mm in 2006 and 50.3 mm
in 2007. Those butterflies may have had a low nvaéag lengtha priori because
they were sampled at the very end of the fall ntigna as discussed above.
Moreover, this observation supports the idea thasstmaller TX and TX2007
monarchs were outflown by larger ones that migiadeer. Completing the fall
migration earlier in the season may be of advanégg®ore nectar sources are

available earlier in fall and weather conditionsyrba better.
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Stabilizing Selection

The hypothesis of stabilizing selection on wingggnduring the monarch fall
migration was not supported. The highest variaitiowing length was found in
Texas, the southernmost sampling site, where lovalwdity was expected. Even
though the samples from Mexico, the destinatiothefmonarchs, had a comparably
low CV, samples from South Carolina and Arkansasevess variable. In the case of
the SC butterflies, selection may be acting to ceduing variation because there
may be an optimal wing size for monarchs to deé#h wWie migration along the coast.
| speculate that monarchs with short wings maybeadble to fly back to shore once
blown out on the ocean, whereas monarchs with leery wings may be blown out
farther on the ocean due to the increased contafetce. An optimal wing size may
be a crucial advantage in survival since Shann8b4lin Brower, 1995) speculated
that it was unlikely that a group of monarchs thad been reported 24 km at sea ever
regain the land.

The monarchs sampled in Arkansas likely origindtech far north since
there is little local monarch reproduction withi@@Bmiles north of the sampling site
(O. R. Taylor, pers. com.). Therefore, these mdmaprobably present a group of
migrants on which selection pressures have alreathd and reduced variation.

Dockx (2007) determined that monarchs found in Guibla the lowest CV
(3.4 and 5.7 in two collection sites) were migramiBereas the wing length of
residents on Cuba were more variable (CV = 5.48hdn two collection sites).

Arango Velez (1996) observed similar trends botwild caught and lab-reared
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monarchs. Migratory butterflies from various lotiak, extending from Wisconsin to
central Mexico, collected over several years, viess variable in wing length and
had longer wings than their resident counterpdre &ncluded that stabilizing

selection has eliminated the production of sigaificvariation in migrant monarchs.

Differences among Migration Phases

Mean wing size of monarchs tended to decreadesaite of collection as the
migration progressed through time. This patternaiss been observed by Borland et
al. (2004) and Gibo and McCurdy (1993).

There are two possible explanations for this pattéirst, the monarchs
emerging during the late phase of the migration hease shorter wings due to
decreasing nutrient values of milkweed and envirental changes during larval
development time, as discussed above.

Second, the butterflies with on average longer wimgy have outflown
individuals with shorter wings due to their imprdvgliding and soaring abilities.
Monarchs with longer wings would arrive at any ¢to@ation on their migration
earlier than smaller monarchs and form the leadoge of the migration, i.e., the
first butterflies to arrive at any one site durmggration. In contrast, monarchs with
shorter wings would lag behind and form the tragiledge of the migration, i.e., the
last butterflies to arrive at any one location dgrmigration.

The second explanation for the observed pattdrkely but possibly both

apply. Mean FWLs among migration phases were rifdrdnt at the latitude of
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origin, as determined D value, but monarchs at each collection sitebenldte
phase of the migration had smaller wings than narsasampled earlier in the
migration at each site. Mean FWL may have decrems#t late migration phase
because larger monarchs migrate faster, outflylem@alonarchs, and arrive in
Mexico earlier.

A determination of the age of the butterflies wogide further evidence for
one of the explanations. If all monarchs took thme time to travel, there would be
no age difference between monarchs with longersaiodter wings, which would
support the first explanation. On the other hahchanarchs with longer wings
sampled at any one location were younger than thigsewith shorter wings, larger
individuals possibly outfly smaller ones.

Curiously, the frequency distributions of the maar sampled during the
earliest phase of the migration look similar to wiag length distribution in Mexico
(Figure 13), giving rise to speculation that earibase migrants determine the
distribution of monarch wing lengths at the overnwring sites. This may be the case.
An earlier study (Taylor and Gibo) showed thatphabability to arrive in Mexico is
highest for early migrants which were tagged at Adsveen 53 and 59. Since early
migrants have a higher mean FWL, the successfwibain the Mexican
overwintering sites seems to depend on size anddiof migration or an interaction
thereof.

The results of stable isotope analysis demonstnatemonarchs travel in a

successive sweep during the fall migration. Mondratterflies sampled in Oklahoma
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during the first half of the migration originatewi further north, according D
value, than the ones sampled in the second hatfefdre, it seems probable that as
the body of monarchs moves from north to soutlnasrtigration progresses, the
proportion of butterflies from further north dedmbecause monarchs from further
south, particularly through latitudes north of 35fin the body of butterflies as it

passes through those localities.

Residents versus Migrants and Male versus Female

My comparisons between summer and fall migratorpanch butterflies
corroborated that resident monarchs have shortegswiThis is the same pattern
observed in Minnesota monarch by Herman (19883.dbssible that resident
monarchs allocate their resources to reproducttrer than wing growth since they
would not gain advantages by increased soaringiabilike migrants do.
Furthermore, males had longer wings than femalaghwis most likely genetically
determined. The difference is consistent with eastudies (Beall and Williams,
1945; Borland et al., 2004; Monarch Watch:
http://www.monarchwatch.org/class/studproj/mass.Atoessed in 2006 and 2008;
Oberhauser and Frey, 1999) and was not only seengirants but also in residents

(Herman, 1988).
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The Stable Isotope Technique

Patterns in Monarch Wing and Milkweed |sotope Ratios

The applicability of hydrogen stable isotopes ttedmine the latitude of natal
origin of eastern North American monarch buttesfieas validated. The analyses of
monarch and milkweed samples of known origin cleshiowed that there is a
relationship between latitude of origin and hydmogeable isotope value of the
butterfly or plant tissue. The main cause of teiation may be the temperature
gradient across latitude since there was a tigatioaship between latitude and mean
summer temperature. In the isotope dataset fronsétobt al. (1999), temperature
was the best single predictor &D (Table 18).

Temperature influences two of the factors detenngaD in water, namely
evaporation and condensation. Evaporation increagkdigher solar radiation and
higher temperature, i.e., at lower latitudes. Ipetfractionation during evaporation
generally increases tle® value of the source water, since the lighterapet
evaporates more readily. Factors influencing foaetion during evaporation are
atmospheric humidity, the amount of liquid, thetegidc composition of the
evaporating water body and atmosphere, and oth&rgadescribed in the Craig-
Gordon model (Craig and Gordon, 1965). Evaporatenmoccur for instance from
land surfaces, water bodies, and leaf surfaces éBamd West, 2008) and influences
the isotopic composition of plant water. Moreoweater molecules containing the
heavy isotope form are preferentially incorporated water droplets or ice crystals

during condensation. These droplets or crystalsean®ved from the cloud system,
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thus leaving the cloud vapor depleted in deuteridsair masses move from tropical
to polar regions, th&D value of the cloud vapor and condensed droptets i
precipitation become progressively lower accordmthe Rayleigh equation (Bowen
and West, 2008). Fractionation during evaporatimh @ndensation explain why the
hydrogen isotope composition of milkweed and thusmionarch wings became
enriched at lower latitudes.

The monarch wingD values from 1996 were comparable to the ones from
2007 when plotted against latitude of origin (FEyaB8) despite differences in
summer temperature and precipitation between tbeyaars (Table 21). Since the
slopes of the two linear regressions were not 8aamtly different, | assume that the
1996 base map (Figure 2) might be used to estithati&titude of origin of monarchs
sampled in 2007. This means that the monarch ¢etldn Texas in 2007 with the
lowestdD values probably originated in southern Canadalatitude above 45°N,
maybe above 50°N. The butterfly with the higrtdtvalue probably emerged at a
latitude below 35°N and may have even been locaktér the base map could also
be used to estimate the origin of monarchs sampl2606 is more problematical.

Table 21. Mean temperature from June to Augusafi) mean precipitation from June to

August (P) in 3 years in the USA and in the stateghich isotope data were collected (Source:

http://lwf.ncdc.noaa.gov/oa/climate/research/cag8éshtml Accessed July 2008)

Location T1996 P 1996 T 2006 P 2006 T 2007 P 2007
(°C) (L/m2)  (°C) (L/m2)  (°C) (L/m?)

USA 22.6 2211 23.5 203.2 23.3 218.0

States in which monarchs were 22.0 351.2 22.8 411.2 22.6 286.8
reared in 2007

States in which milkweed were 22.3 340.3 23.2 376.8 23.2 313.1
reared in 2007

States of wild-rearing experiment22.9 316.3 23.9 307.4 23.6 296.6
by Hobson et al. (1999)
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Overall, the summer of 2006 was warmer (Table @hjch may have shifted
the geographic patterns south compared to therbapdrom 1996. This might
explain why several monarchs in my samples fron62fX@ginated south of the
collection site if theioD value was interpreted using the base map froné {Bure
2). Local variability may have also played a r@aly comparisons of monarch wing
oD values across a geographic range among years\welp to determine how large
the interannual variation of hydrogen isotope id amether the base map of one year
could potentially be used for another year, if rssegy after factoring in sources of

variation such as temperature.

Other Sources of Variation

Isotope data obtained from milkweed grown at thieic coast in James
Island, South Carolina, give evidence of largeataon in wing and milkweedD of
up to 30%o, even within in the same species (Tapl@3e Seutera augustifolium
plants were probably collected in two sites. One wias on north Folly Island where
the plants grew on an outer seepage slope witlkistasoils where maritime forest
transitions into salt shrub. The second site waBlaok Island with a similar habitat,
however, the plants received more sunlight and grewrobably less organic soil
(Billy McCord, pers. com.). Even though it is natdwn which of the threBeutera
plants grew in which site, it is possible that dthéerent light, water, and soil
conditions at the two sites account for the vasiatn the wingdD values of the

monarchs raised on these plants. 3Devalues of monarchs raised on the tropical
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milkweed @Asclepia curassavica) grown in loamy, organic soils at one site wergeno
similar with only about 5%slifference. The result is expected since the nekev
plants grew under similar conditions. They had bsmdlings in Billy McCord’s

yard in a loamy, organic soil with varying moistalependent on rainfall. They had
been watered from a shallow well, and while reathrgmonarch larvae, they had not
been watered at all (Billy McCord, pers. com.).

A number of factors may have led to the observetbgity. Plants in shade
are likely to have access to water which experiéness evaporation and are
themselves subject to decreased evaporation, tweearacting enrichment.

On the other hand, strong winds increase surfagpagation (Luo and
Stephens, 2006) and thus lead to isotopic enrichofemater. Leaf water becomes
isotopically enriched relative to source water dgriranspiration (Pendall et al.,
2005), i.e., evaporation of water from plants. Satahtranspiration is regulated by
atmospheric humidity, light intensity, temperatuaed wind velocity, and does not
follow a simple linear relationship with temperatur

Moreover, the water source of a plant can influateesotopic composition.
For instance, théD value of soil water varies with depth (Valentmd Mugnozza,
1992; Jackson et al., 1999; Newman et al., 2006iciwcan lead to differences s
between shallow root and deep root plants evelmeasame location. Plants may even
use a mixture of different water sources (Feild Brasvson, 1998). Milkweeds are
generally deep-rooted; the butterfly milkweddd epias tuberosa), for instance, has

a deep taproot (Kansas Wildflowers & Grasses:
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http://www.kswildflower.org/details.php?flowerID=ccessed July, 2008), and the
rootstock of the common milkweedsclepias syriaca) may be 10 to 40 cm below the
soil surface (Jeffery and Robison, 1971). Sinceancmbutterfly larvae exclusively
feed on milkweed, any variation with respect tollslnaand deep rooting plants
should be largely eliminated. In fact, the commalkweed is probably the principal
milkweed host of overwintering monarchs that begeir southward fall migration to
Mexico in September (Malcolm et al., 1989). Onlg tropical milkweedAsclepias
curassavica) is very shallow rooted (O. R. Taylor, pers. canyl thus would reflect
the water available at the surface level rathan theeper as in other milkweeds. This
might be the reason why the wings of monarchs dadsetropical milkweed had
more depletedD values than monarchs raised on other milkweedispéTable 3).

There is altitudinal depletion D from -1 to -4%. per 100 m rise in elevation
because deuterium in precipitation tends to ratmoare at lower elevation than at
higher elevations (Hobson, 2008). Elevation plagedinor role in explaining th&D
of monarchs and milkweed possibly because most lgaggtes were on altitudes
with only 400 m difference. The latitudinal efféd@d a much greater influence on the
hydrogen stable isotope ratio.

In general, there is a negative correlation betwaaount of precipitation and
dD. Although this effect is pronounced in most tagbiareas, it can also be found at
mid latitudes during the summer (Daansgard, 1964, ©96). My analyses showed
no relationship between mean summer precipitatmb® (Table 19). The effect of

amount of precipitation might be negligible in tagtudes at which the
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measurements were taken. Moreover, the measurefoetit® amount precipitation
were obtained for the entire state and not foisgrexific sampling location, which
might have skewed any possible effect.

ThedD value in precipitation becomes generally mordetep the closer to
the interior of a continent it is measured. Evesutih the hydrogen stable isotope
value of the monarch and milkweed samples from 20@V1996 showed this
tendency, the relationship was not significant. fifeasurements of distance to the
nearest coast can not be used to galgealues since such measures do not reflect
the real path which air masses travel nor the piadanfluence of inland water
bodies.

Moreover, variation in discrimination between wateurce and tissue as well
as between diet and tissue contribute to uncemragimtith assigning an organism to
its place of origin. Even though there was a tighietween monarch wingD and
plant growth wate8D in a laboratory experiment {R 0.99), the relationship was
not as strong in field-reared monarch$ €0.69) (Hobson et al., 1999).

Besides the natural variation in stable isotop@sathere is an analytical
error inherent in CF-IRMS measurementsdDrof £2%. (Wassenaar, 2008) or even
larger, as in the replicates of tagged Mexican manhutterflies.

Employing a second stable isotope to decreasermssit errors and increase
resolution is desirable. Hobson et al. (1999) meskthe carbon stable isotope in

monarch butterfly wings to that end. However, teegraphic pattern &C is
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spatially not predictable from year to year (Lenss&naar, pers. com.), which is why
a new base map for each sampling year needs teated.

The monarch wild-rearing experiment, on which gs@apic base maps from
1996 was based (Figure 2), excluded one factoanétron, namely plant water
source. Monarchs were raised from eggs on natusattyrring milkweed whose only
source of moisture was local rainwater. The volergearticipating in the experiment
were instructed not to use milkweed from gardemigjated fields, drainage ditches,
inner city lots, and other locations in which thater may have had inputs other than
that of rainwater (Hobson et al., 1999).

Moreover, to improve the estimate of the true ipetealue of monarchs
raised in each location, the mean isotopic valuenefto nine monarch butterflies in
each rearing site was used. However, standardtttasandoD between 0.1 and 15.7
indicate that there can be much isotopic variaéimmong individuals in one site, even
greater variation than the monarch samples fromiSGarolina from 2007 show,
which had a standard deviation of 14.3.

For isotope studies on wild-caught migratory mohdyatterflies, it is not
possible to determine whether butterflies fed olkweed whose only water source
was local rainwater and to analyze a group of mdmafrom the same location of
natal origin unless they were tagged at the platleexr emergence. Therefore,
determining the origin of a monarch is inevitabigipe to errors, even if a base map
is established for each year in which monarchsanepled in order to avoid inter

annual variation in the isotopic pattern.
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One potential source of isotopic variation was reatbin all these studies
because of the tight coupling between monarch tilytlarvae and their single genus
of host plants (Hobson, 2008). Differences in gahange, photosynthetic pathways
and other physiological plant processes among grotiplants can lead to slight to
pronounced differences in stable isotopic signat(Ehleringer and Cerling, 2001;

Dawson et al., 2002).

Challenges

A challenge to the application of stable isotopeedicators of natal origin of
monarch butterflies is to understand the mechanthatdrive the observed isotopic
variation and to incorporate this variation in stital methods for assigning
individuals to places of origin (Kelly et al., 2008 he use of year-specific base maps
is desirable, at least until the isotopic variati®better understood and maybe
beyond that. The drawbacks of creating base mapdvie efforts with respect to the
logistics, work and cost of obtaining and analyzyegr-specific tissue samples from
the geographic range of interest.

It is important to understand what ecological ahgsmwlogical factors
determine water-tissue and diet-tissue isotopicraisnation and how that
discrimination varies within and among individuatsa given location or on a given
diet (Kelly et al., 2008). Moreover, knowing theolagy of the animal in question is
crucial. It was prerequisite that monarchs migkesteveen isotopically distinct

landscapes and that they incorporate the isotagmn@agire of their natal origin in their
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wing tissue. The discrepancies in the isotope diatded me of the interannual
variation in geographic patterns of stable isotpf@sinstance, it is unlikely that
monarch butterflies travel north during the fallgnation, even though the hydrogen
stable isotope values of some butterflies sugggatdhis.

For studies that concentrate on animals other tih@march butterflies, the
choice of the tissue to be analyzed, the way @froteg the tissue, time of sampling,
isotopic variation within the tissue and variateomong individuals from the same
site are important points to keep in mind. Of ceuthe application of several stable
isotopes can enhance spatial resolution, and thefusdditional tracking techniques

can validate findings.

Conclusion

The results of this study do not allow definite clisions for or against my
hypotheses of selection on monarch butterfly werggth during the fall migration.
The isotope analysis provides evidence that doeatiselection increases the mean
size of monarch butterflies during the fall migoati CFD simulations demonstrated
that lift production increases with wing size, whimay be one the causal factor of an
improved migration success of larger individualandrchs with longer wings
probably originated from the northern part of thedaling range. A temperature-
dependent size gradient across latitude might exfii@ observed results as well, but
an increase in the variation in forewing lengtthoater latitudes suggests that there is

selection for longer wings during the fall migratid.arger monarchs may be able to
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travel faster and arrive in Mexico earlier. Thetdotions of wing lengths of early
migrants are similar to those seen at the overwigesites in Mexico. Further, the
results of recoveries of tagged monarchs showshlegbrobability of reaching
Mexico is highest for those monarchs advancinghengading edge of the migration
(Taylor and Gibo). An implication of these findingsthat the likelihood to reach the
overwintering sites in Mexico may depend on size time of migration, with larger,
early migrants having advantages over smaller,naggants.

The hypothesis of stabilizing selection on wingesizas not supported by my
results. More extensive studies are necessaryder oo resolve the questions of
directional and stabilizing selection. First, wieggth measurements during the
summer months and at the beginning of the migradtorarious latitudes in the
monarch breeding range should be conducted tovesdiether wing length varies
with latitude of origin. If this is not the casbgetwing lengths and stable isotope ratios
of monarch butterflies from a greater range otuake should be measured. If
possible, sampling should occur multiple times dierentire period of the
migration, synchronized in each collection sitecadmg to altitude angle. Moreover,
it is advised to create a new isotopic base mapdtr hydrogen and carbon stable
isotopes to improve resolution.

This study demonstrated that hydrogen stable igstapmonarch wing chitin
can be utilized to determine the latitude of natadin of the butterflies. Multiple
sources of variability isD should be researched further in order to imptoee

assignment of monarchs to the place of their origurthermore, the use of a second
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and third stable isotope, such'a8, ®’Sr or®'S should be considered (Hobson et al.,

1999).
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