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Abstract
Ecological speciation occurs when divergent sededt different habitats creates
strong selection for reproductive isolation whicunteracts the homogenizing effects
of gene flow between populations using those diffehabitats. Multiple divergent
selection pressures can affect isolation and tleagth of these selection pressures can
vary geographically. Sympatric pairs of populas@sing different habitats in separate
geographic areas may experience varying degregisariifying selection. Differing
degrees of reproduction isolation between the djmuis result in what may be called a
“Geographic Mosaic of Speciation”. A Geographicdm of Speciation provides an
opportunity to study the process of speciationarnous degrees of completion.
Eurosta solidaginis (Diptera: Tephritidae) is a fly that induces galistall goldenrod
(Solidago altissima; Compositae) in North America with populationghie forest and
prairie biomes of Minnesota, which are under dieatgecologically-based selection
pressures. Previous research indicates that tdergod, the gallfly, and the natural
enemies of the gallfly in the prairie and the fot@emes are genetically differentiated.
| measured characteristics of each member of ineettrophic-level interaction across
the prairie-forest biome border in order to chagaee divergent selection on members
of this interaction. | found that differences hethost plants, flies, and their natural
enemies were distributed in a geographic moséaiveaprairie-forest biome border.
Some neighboring populations were highly differat&d in a range of characteristics
while others showed less differentiation. | thestéd two pairs of neighboring fly
populations to measure their degree of reprodudtpiation and their adaptation to
host-plants. The goldenrods from these paired sigre morphologically differentiated



from each other. Flies from three out of the feites tested had higher survival on
plants from their own site than plants from theghéioring site, which shows that
differences in plant morphology are correlated wiifferential selection of host-plants
onE. solidaginisflies. Reproductive isolating mechanisms of fiesfacross the
boundary are also distributed in a geographic nsashich supports our hypothesis that

these flies show a Geographic Mosaic of Speciation.
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Introduction

Green plants and the herbivorous insects thatdped them account for much
of the earth’s biodiversity. Understanding thewredsification is fundamental to
understanding the biodiversity on the planet todsrlocher & Feder, 2002; Bush &
Butlin, 2004; Thompson, 2005). Because the gemitiersity of communities can have
important impacts on ecological interactions in¢bexmunities (Elton, 1958; Tilman,
1996), it is important to understand how geneitieidity arises and is maintained.
Plant and insect diversity may also be responsdrldiversification in higher trophic
levels. Specialized herbivorous insects may dffiéate into new species when they
shift to utilizing a new host plant (Bush, 1969949Via, 2001). | tested the hypothesis
that a geographic mosaic distribution of differah&nvironmental selection pressures,
including selection pressures from host-plants,raaslted in a Geographic Mosaic of
Divergence oEurosta solidaginis (Diptera: Tephritidae) fly populations which may
lead to a Geographic Mosaic of Speciation, andttiiatmosaic may represent an
unrecognized source of biodiversity.

It is useful to think about the process of spemmas a continuum between
populations that freely exchange genes to populatibat do not exchange any genes
(Via, 2009). While populations that fall in theddle of that continuum may not
necessarily be considered reproductively isolapaties, they still represent distinct
entities that are considerably different than papahs that freely exchange genes.
These partially reproductively isolated populatiomsy still function in an ecosystem
like ‘good’ species and therefore contribute todbrersity in other trophic levels

(Harrison, 1998; Via, 2009).



Speciation can occur in a sexually reproducingigigeaithout effective
geographical isolation (Maynard Smith, 1966) ifrthare ecological or temporal
barriers to reproduction for populations which geegraphically coincident. Support
for sympatric speciation has accumulated in theddtalf of the 28 century (Coyne &
Orr, 2004). Sympatric speciation may be fairlyncoon in phytophagous insects that
switch host plants (Berlocher & Feder, 2002; BU€§9, 1994; Via, 2001; Walsh,
1867).

Reproductive isolating mechanisms are factorskéap two populations from
freely exchanging genes (Dobzhansky & Dobzhans8$71Mayr, 1963). Oftentimes,
behavioral reproductive isolating mechanisms casvevbefore genetic
incompatibilities accumulate (Via, 2009). Howewvamce two species are completely
separated it may be impossible to tell which repotige isolating mechanisms acted
initially to produce divergence (Via, 2009). Ifavtiaxa are in the process of speciation,
and if they are distributed in a fragmented moséjgopulations, some of those
populations may be at different stages along tleeiagon continuum, i.e., they may be
distributed in a Geographic Mosaic of Speciatiora(\2009; West, 2008). This type of
spatial variance may provide a window into the oépictive isolating mechanisms that
initiate the process of speciation (Howard, Warifigppets, & Gregory, 1993; Via,
2009).

Ecological speciation, which can happen in allggaphic scenarios, results
from environmental selection pressures that egleeas, or select for, reproductive
isolating mechanisms (Schluter, 2001). Local aatat to different habitats can cause
differentiation within species (Darwin, 1859; Fuiilchak, & Feder, 2002; Douglas J.
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Futuyma & Moreno, 1988; Schluter, 2001). If divBiisg selection pressures between
different habitats are strong enough they can s@eadditional reproductive isolating
mechanisms to conserve adaptations to the différaitats in the face of gene flow
(Rundle & Nosil, 2005; Schluter, 2000). Parapatnd sympatric populations are more
conducive to the production of reproductive isolgtmechanisms because there is
potential for selection against maladapted hyb{@isn et al., 1999; Rundle & Nosil,
2005). Local adaptation can lead to ecologicatispe®n most easily via assortative
mating when mate choice is determined by habitaiceh(Rice, 1987; Rundle & Nosil,
2005; Schluter, 2001; Turelli, Barton, & Coyne, 20¥ia, 2001).

Phytophagous insects are a model system for stgdhow local adaptation can
lead to ecological speciation via host shifts anmlgined with assortative mating (Funk
et al., 2002). Fitness of some insects is tigltlked to their ability to adapt to their
host plant (Funk et al., 2002). Internal feederdluding galling insects, are under
especially strong selection to adapt to host plafénses (Cornell & Hawkins, 1995;
Gaston, Reavey, & Valladares, 1992). If a hodt slecurs, selection is strong for
assortative mating or other reproductive isolatmgchanisms in order to preserve any
adaptations to the new host plant (Funk et al.2200

Often times, ecological speciation results fromesalpartial reproductive
isolating mechanisms that work together in con@éotsil, Harmon, & Seehausen,
2009; Rice & Hostert, 1993). In addition to asstiveamating, diversifying selection
pressures that do not involve mate choice canadfeot reproductive isolation through
immigrant inviability (Nosil, Vines, & Funk, 2005} immigrants from other
populations that have evolved under different seleqressures have reduced survival
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rates in neighboring sites, there will be a redurcof gene flow between those
populations (Nosil et al., 2005). Divergent ecotagjiselection pressures that vary
geographically in composition and strength may lteswariable amounts of
reproductive isolation (Itami, Craig, & Horner, B39hompson, 2005; West, 2008).

The degree of reproductive isolation among pdytdifferentiated populations
is affected by at least three interacting factttes{i et al., 1998; Thompson, 2005;
West, 2008). These factors include: 1) Differimgoaints of genetic diversity within
populations that affects potential for adaptatiéior example, some small populations
may not have the genetic potential to adapt taoeselection pressures. 2)
Multifarious divergent selection pressures thatdaséributed in a geographic mosaic.
3) Differences in the amount of gene flow betwetfeintiated populations. All these
factors interact to produce a Geographic Mosaidieérgence (West, 2008). If the
Geographic Mosaic of Divergence ultimately resuita complete speciation event, this
distribution could also be called the Geographicsk®o of Speciation (West, 2008).

The theory of the Geographic Mosaic of Coevolugaplores how distributions
of interacting species vary geographically and hloat can affect the degree of
coevolution (Thompson, 2005). Research on mdsdidd zones investigates the
geographic distribution of populations and how thizsaic distribution can contribute
to production of reproductive isolating mechanig@ain et al., 1999). The
‘multifarious selection hypothesis’ states thataaton is more likely to occur when
there are multiple divergent selection pressureskiwg in concert (Nosil et al., 2009).
The combination of these ideas creates the Geoigrdasaic of Divergence, or a
Geographic Mosaic of Speciation as proposed by \(2€€83).
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Eurosta solidaginis induce galls on tall goldenro8glidago altissima (see
Abrahamson & Weis, 1997; Uhler, 1951 for a fulleav). Gall size and shape is a
result of the interaction among fly genes, plamtage and abiotic conditions (Weis &
Abrahamson, 1986). These flies are univoltine e@mérge in the spring from galls,
mate on host plants, then females oviposit intd plasts (Abrahamson & Weis, 1997,
Uhler, 1951).

These flies are subject to different selection guess in the forest and prairie
biomes of the Midwest USA (Craig & Itami, 2011)tréhg diversifying selection
pressures include differences in thgialtissima host plants and the natural enemies in
the two biomes (Craig & Itami, 2011urosta solidaginis flies must be able to
overcome specific defenses of their host pl&mdjtissma, and their host plants are
differentiated at the subspecies lev@lg|tissima altissima in the forest an®. altissima
gilvocanescens in the forest) between the biomes (Craig & 1ta®@i11; R.E. Cook &
Semple, 2006). In addition, there are differeltct@n pressures from natural enemies
in the prairie and the forest. Birds in the for@stluding downy woodpeckers,
Piscoides pubesens (Piciformes: Picidae) and black-capped chickadees;il
atricapillus (Passeriformes: Paridae), prefer to eat larvaa fewge galls and therefore
select for flies that induce smaller galls (Craidgt&mi, 2011; Craig, Itami, & Horner,
2007; Weis, Abrahamson, & Andersen, 1992). Thegiiaxid wasp Eurytoma gigantea
(Hymenoptera: Eurytomidae) causes higher mortaligmall galls in both the prairie
and the forest which selects for flies with rouladge galls (Craig & Itami, 2011; Weis,
McCrea, & Abrahamson, 1989). The parasitoid’s osifor is too short to reach larvae
at the center of round, large galls and this exatsction for larger galls (Craig et al.,
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2007; Weis et al., 1989). Predation by a be#ilardellistina convicta (Coleoptera:
Mordellidae), in the prairie also selects for rouladge galls because the mordellids are
more likely to run into, and subsequently eat]dlyae in smaller galls (Craig et al.,
2007). These selection pressures create large igalis in the prairie and smaller,
elliptical galls in the forest (Craig et al., 2007)

Due to host-plant adaptation and assortative mat solidaginis populations
distant from the prairie-forest border are parniadiproductively isolated even when
geographic isolation is removed in a common gasdgting (Craig & Itami, 2011).
Flies from the different biomes assortatively mete oviposit on plants from their own
biome and also survive better on plants from tbein biome (Craig & Itami, 2011).
Hybrids between the prairie and forest populatioege lower survival than the pure
host races (Craig & Itami, 2011). Therefore, fli@sfrom the biome border are
partially reproductively isolated due to a combioatof habitat preference, local
adaptation, and geographic isolation which limegsgflow. The populations therefore
may be in an intermediate stage of ecological spieci, and have been designated as
host races (Craig & Itami, 2011).

Previous to this study, little was known about htbese host races interacted at
the border between the prairie and forest biomesravthere is diversifying selection
combined with a strong potential for gene flow tlméhe lack of geographic isolation.
Here | discuss how the populations of prairie avedtE. solidaginis flies, and
selection pressures affecting them, are distribatedss the biome border in southern
Minnesota in order to determine if there is a Gapgic Mosaic of Speciation. First, |
determined whether there was gene flow occurringéen the host races at the biome
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border. To answer that question, | sampled flyybaioons along transects across the
biome border and analyzed the morphological diffeagion and host-plant adaptation
to the host plants among those sites. Secon@lyzad the geographic distribution of
selection pressures that have previously been fauddfer between the prairie and the
forest by measuring plant morphology and naturah@as from the same sites where |
collected flies. Third, I tested the strength ézygotic reproductive isolating
mechanisms between populations including host peeference as a proxy for

assortative mating, and temporal isolation dueffterénces in emergence times.



M ethods

Geographic distribution of morphological fly characteristics

1. Collection sites

To determine where prairie and forest flies cante eontact, | measured
previously collected galls from an extensive nathith transect running through
eastern Minnesota across the prairie biome bowd®ch | term the “long interval
transect”. | measured at least one hundred gailfs §ites that were separated from
each other by a mean of 88 kilometers. | seleatexfjion where there were large
changes in gall shape (diameter/length), indicadisgift between prairie and forest
populations. In the fall of 2009, | collectedIgaiontaining diapausing flies from a
“short interval transect” in this area to obtaismaaller-scale picture of the distribution
of the forest and prairie host races. | colle@pdroximately 350 galls from each site,
which were separated by an average of 26 kilomékégsire 1). When a gall was
found, all the galls within a meter of that gallre&@lso collected to avoid non-random
sampling.

A total of 21 sites were sampled along a northisdw@nsect running
approximately at 93° longitude between 42° andldude. Site numbers from south
to north are: 14, 15, 16, 17, 19, 18, 1, 2, 3,,4,%, 8, 9, 10, 11, 12, 13, 20, CA3. Galls
from all fall transect sites (1-13) were storedibient Duluth temperatures in plastic
garbage bags until temperatures rose above freeiteg which | transferred the galls
to mesh bags to avoid mold growth. All additiogalls collected in the spring were

also stored at ambient Duluth temperatures urgibigginning of May when all galls



were transferred to the lab and kept at approxiyp2@ C with natural light cycles
throughout emergence.

| also collected galls with diapausing flies in th# of 2010. | re-collected galls
from sites 3, 4, 8, and 10 for use in a common&aekperiment that was performed
during the spring and summer of 2011. In additlamllected galls from 3 sites in
between sites 8 and 10 (the ‘Micro transect’) ® Isew flies were changing on an even
smaller geographical scale between these two mégically different fly sites. | also
collected galls from an additional transect westwf original transect (the ‘Western
short interval transect’) to determine if the preagnd forest host races exhibit a mosaic
distribution across the biome border in other a(€agure 1). Galls were stored at
ambient Duluth temperatures throughout the winter.

2. Geographic distribution of galls

| analyzed approximately 250 galls from each diterdlies had emerged. Using
electronic calipers, | measured the length and dianof each gall to the nearest tenth
of a millimeter. Next, | cut open the gall usingrden shears and determined cause of
death. If | determined that the larva died befaymplete formation of the gall, |
excluded that gall from shape and size analysialso excluded fused galls, which are
galls occurring in adjacent internodes that hawsvgrtogether, from analysis because |
could not measure gall length accurately.

3. Geographic distribution of wing patterns

Each day in 2010, shortly after the daily flies egeel, | took pictures of each

fly with a Nikon E995 digital camera mounted toissécting scope. Then, using a



metric ruler, | measured the digital images ofuegs while they were displayed on a
computer screen. The Hyaline ratio is a measutbeofatio of non-pigmented area to
pigmented area in the*Rcell and is a morphological characteristic thatidigiishes
prairie from forest populations (Ming, 1989). Hwyal ratios were measured for all flies
from each site unless the cell was not visible tdugreakage or lack of scleritization.
Because the wing pattern data is proportional datsed an arcsine square root
transformation to account for non-normal distribati | then analyzed hyaline ratios
using a single factor analysis of variance withu&dy’'s multiple comparison test.

4. Wing patternsfromindividual rearings

In February of 2011, galls from the 2010 cohortrfrsites 30-40 (Micro transect
and Western transect) were reared in the laboratioput each gall into an individual,
labeled 4 oz. PLA plastic portion cup. Cups wéippéd over onto moist paper towels.
The paper towels were then moistened daily untiefhergence had ceased. As flies
emerged, | took pictures of their right wings, andasured wings using the same
technique used above. Again, | transformed proguat wing data using an arcsine
square root transformation and preformed regresaiatysis of wing data with gall
shape and gall size of all individual flies frontkaite to determine correlation
between wing pattern and gall size/shape in odetermine the amount of trait
remixing that occurs at the boundary area.

5. Geographic distribution of local adaptation to host plants

To test whether flies at neighboring, differentthéites, were locally adapted to

plants from their sites | compared survival rateies on plants from their own sites
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and plants from the neighboring site. In the spph2010, | measured fly preference
for plants from the prairie and forest in an expemt at the University of Minnesota
Duluth Research Farm. | grew plants from threérigraites and three forest sites from
far within the prairie and forest biomes in Pro-NBX potting soil in 3 gallon pots and
watered as needed. Forty 1.8 cages were constructed with rebar, irrigationrtgbi
and Remay row cover cloth. The largest plants 8elected from each site and
randomly distributed to all 40 cages. Each cageaioned one pot from each site for a
total of six pots arranged in two rows of threerrtba center of the cage.

When a femal&. solidaginis fly inserts her ovipositor into the apical mermatef
the goldenrod, an oviposition scar is produced Wwisdermed an ovipuncture
(Abrahamson & Weis, 1997). The number of ovipuresiare highly correlated with
number of eggs laid by the female (Craig, Abraham#tami, & Horner, 1999; Craig,
Horner, & Itami, 1997). Once the oviposition prefece of flies in each cage had been
measured (see methods below), | continued to adedi@males to each cage in order
to increase the number of stems with eggs in tge.c#f a stem was ovipunctured more
than 20 times, that pot was removed from the cadestored in an overflow cage to
increase the probability that flies would ovipurretthe remaining stems within the
cage. | continued to add mated females and/or tedmaales and females evenly
among cages until all females were distributec&n®l were watered as needed
throughout the summer. In the fall, | collectedggitom the stems and compared that
with the number of original ovipunctures in the edg determine rate of survival. |
used a general linear model with plant site, ftg,stage, and plant*fly site interaction
as factors affecting survival.
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Geographic distribution of morphological plant characteristics

| collectedS altissima seed heads from several plants at each site iiathef
2009. Seeds were kept at ambient Duluth tempesmtil they were planted on
February 27, 2010. For each site, | planted 3 flats (6 xa@f'¥eeds in Pro-Mix PGX
soilless seed starting medium. Sites that didyeominate well initially were replanted
from the same stock of seeds and some from newrssset$ collected on Aprif™d
2010. Site 5 and Site 1 did not germinate. Idpdemted seedlings into 4 inch pots with
Pro-Mix BX on April 28", 2010. Plants continued to grow in the greenheesting
until after the last frost at which time | transtst the plants to our common garden and
transplanted them into 1 gallon pots with the sapik Plants were then maintained for
the remainder of the summer. | watered the plastseeded and applied one
application of 20-20-20 soluble fertilizer and application of 20-20-20 slow release
fertilizer pellets. Plant measurements were tdkethe tallest ramet in the pot and
included the total height, stem diameter at 5crmfewil level, leaf width and length of
the 10th leaf below the apical meristem, and totahber of leaves. In September of
2010 | measured the tallest ramet within each jooh fall sites.

Rhizomes from many of the pots from sites 3, 48l 10 were split and planted
in new pots to produce multiple replicates in thk df 2010. Additional rhizomes from
those sites were also collected in March of 201d @anted into 3 gallon pots with the
same potting mix. All plant morphology measurersemére repeated in September of
2011.

Previously, the same measurements were takengdtamis collected from far

within the prairie and the forest (Craig & Itam@12), and | used these data to conduct
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a discriminate function analysis, which correctlyssified 77% of the original plants
used to make the model as prairie or forest plahtisen applied that discriminate
function to the plant morphology measurements foamboundary sites. Each plant
was given a probability of being a prairie or fanelant based on the discriminate
function analysis. A one-way ANOVA among boundsitgs of ‘probability prairie’
was preformed along with a Tukey’s multiple compani test. | also used a MANOVA

to test for differences among sites using all molpgical characteristics measured.

Geographic distribution of natural enemies

When dissecting galls, | used evidence of preddabaietermine cause of fly
death if the fly did not successfully emerge. eédiglata from all galls collected to
determine percentage mortality explained by theghmajor natural enemies in this
system: Parasitoid wasgsjrytoma gigantea, stem—boring beetlddordellastina
convicta, and bird predation by Downy woodpeckd?s;0i des pubescens, and

ChickadeesPoecile atricapillus.

Testing for reproductive isolating mechanisms

1. Allochronicisolation

| recorded the emergence date and sex of thedhly flies from the original 13
sites were assessed for emergence because thegolleoted at the same time and
kept under the same winter conditions. Emergeagends the number of days after
the first fly from any one of the sites emergedloéhronic isolation was tested with a

one-way ANOVA of emergence day by site with Tukeyisltiple comparison test.
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Sexes were analyzed separately at each site beralsE. solidaginis flies always
emerge before female flies (Itami et al., 1998).

2. Oviposition preference

I measured oviposition preference for each fly Bitelacing flies into cages
with prairie and forest plants and subsequentlyntiog the number of ovipunctures on
all plants within the cage. Oviposition preferehes been shown to strongly correlate
with assortative mating iR. solidaginis flies in previous studies (Craig et al., 1997,
1999), and | therefore used it as a proxy for dafge mating. For some flies, | placed
males and females together in a mating cup-cagetease mating success and thus
the likelihood of oviposition, while other flies wereleased unmated into the cages. |
tested the oviposition preference of flies fromsit8s using five replicate cages for
each site that were placed in a fully random dewiigiin a 40 cage grid. Because the
galls collected in the spring were not held atdhme temperature as the galls from the
October transect, the flies from spring-collectaisgbegan to emerge first. Whenever
five cages were finished and the plants replaceevafly site was tested for
oviposition preference. The first set of siteseddor preference included sites 14, 16,
17, 18, 5, 8, 20, and CA3 for a total of 8 sitéfies were added to cages as soon as
possible after emergence. After flies were addezhges, ovipunctures were counted
between 24 to 48 hours later. | measured the nuoflstems in each pot, the height of
each stem, and the number of ovipunctures on @aoh dnitially, stem heights were
not measured for finished replicates and were austeeasured up to two weeks later.
Ovipunctures were also recounted when stem hevwgts taken. Analysis of the

correlation between ovipunctures and stem heigkd osly the second set of
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ovipuncture counts. When a cage replicate wasHed and the data collected |
removed any plants with ovipunctures from the cagg replaced them with unused
plants from the same site. The second set of tsgtsd for preference included 18, 6,
7,9, 10, and 12. | ran a general linear moddtilupat the effects of plant biome, fly
site origin, cage replicate, and plant biome*fiesirigin interaction. | originally ran
the general linear model with stem height as a Gateabecause flies tend to prefer tall
plants in general but our results did not change.

In the spring of 2011, | performed another prefeeeexperiment. Based on gall
morphology and wing pattern of the flies, | chose pairs of sites that were
geographically close, yet had morphologically deéfgiated flies. These two pairs of
sites were 3 & 4 and 8 & 10. One hundred potdanits from each of the above sites
were randomly assigned to cages. Each cage cedtéireplicate pots from each of the
paired sites. There were 20 cages containing$famin sites 3 & 4 and 20 cages
containing plants from sites 8 & 10. Those 20 sagere split between the flies from
each of those sites. Mated females from a site pkrced in a cage with plants from
their own site and the neighboring site. For exammpated females from site 4 were
placed in cages with plants from sites 3 & 4. Wds not able to mate females before
adding to cages, | added males and females to sagaftaneously.

Cages were checked for oviposition marks withirhd8rs after mated females
were added to the cages. If a cage contained tiharel0 oviposition marks, that
replicate was considered finished and a total nurabevipositions on each stem were

tallied along with the height of each stem withie tage. | ran a general linear model
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looking at the effects of plant origin site, flyigin site, cage, and plant site*fly site

interaction on oviposition.
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Results

Fly morphology

Gall size and shape of the 2009 cohort were siantiy different among sites,
thereby forming a geographic mosaic distributioigFe 2, Table 1). | use the term
geographic mosaic to describe fluctuation in thewamh of differentiation between
neighboring sites. l.e., some neighboring sitessagnificantly different while others
are not and those relationships between sites tepsass a geographic transect. Site
pairs 3 & 4 and 8 &10 were significantly differdndm their neighbors in both size and
shape (Figure 2, Table 1). Wing patterns also sldoavsignificant, mosaic distribution
among sites (Figure 2, Table 1). Again, the wiaggyns at site pairs 3 & 4 and 8 & 10
were significantly different from their neighboadure 2, Table 1). At site 4, there
was a bimodal distribution of wing patterns indiegtthat there may be two
differentiated populations of flies mixed togetlagthe site (Figure 3).

Gall shape and gall size of the 2010 cohort fra gairs 3 & 4 as well as 8 &
10 were again significantly different between tlegghboring sites (Table 1). Gall size,
gall shape, and wing patterns from the micro eansites 30, 31, and 32, between sites
8 and 10, also differed significantly from eachestfirable 1). Gall size, gall shape,
and wing pattern also differed significantly amaitgs along the western transect with
a geographic mosaic pattern (Table 1). Gall simbgall shape were also positively
correlated with wing pattern (gall size=17.8 + 4a2dsin of ratio, df= 156, r= 0.27, p<

0.0001; gall shape=0.714 + 0.0780 arcsin of ralf156, r = 0.15, p< 0.0001).
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Host plant adaptation

Flies from sites 8 and 10 did not form any gallgptants from the neighboring
site but formed galls on plants from their own ¢fable 2, Figure 4). Flies from site
3 formed significantly more galls on plants froneithown site compared to plants from
site 4 (ANOVA R ¢g=7.02, p<0.009). However, site 4 flies formed $hene number of
galls formed on plants from their own site and ddrom site 3 (ANOVA I ¢5=0.07,
p<0.793). More fly larvae from sites 8 and 10 stgd on plants from their own site
compared to plants from the neighboring site (T&)lbut there was no difference in
fly larvae survival from sites 3 and 4 on plantsfrthe neighboring site (Table 3). Site
3 flies had no surviving larvae on site 4 plantg,the number of surviving larvae on
site 3 plants was so low it was not significantifyedtent from zero (ANOVA It

96=2.82, p<0.096). This low survival was due to higgtd predation rates on site 3 flies.

Plant mor phol ogy

There were alternating differences among sitealfqslant morphological
characteristics (Table 4), indicating a geographasaic distribution of plant
populations. All morphological traits of plant®ifin experimental sites 3 and 4 were
significantly different from each other (Table 4lants from experimental sites 8 and
10 were significantly different in plant heightest diameter, leaf length, and leaf width
(Table 4). A one-way ANOVA of the probability afprairie score (from discriminate
function analysis) showed significant difference®ag sites (ANOVA Iy, 2676.66,
p<0.0001, Figure 5). Experimental site pairs 3 &l 8 & 10 were significantly
different from their neighbors in their mean proitigbprairie scores (Sites 8 & 10:

ANOVA F1 »59.54, p < 0.005; Sites 3 & 4: ANOVA F=14.69, p< 0.001). Means
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for some sites were intermediate between the twi@mres, indicating that there may be
two different populations of plants or intermedjdtgbrid plants at some sites. Scores
for the probability of being a prairie plant disptal a bimodal distribution in site 4

indicating that there may be two differentiated plagions at that site (Figure 6).

Natural enemy distribution

Percentage mortality differed significantly amottgsfor the three types of
natural enemies measured (@8, N=5104) = 2052.055, p<0.0001, Figure 7). €her
was similar distribution of natural enemy mortabitywjong the western transect sitﬁs (

(14, N=1863) = 540.1434, p<0.0001, Figure 8).

Reproductive isolating mechanisms

1. Allochronicisolation

Time of fly emergence differed significantly amasites (ANOVA h;,
1666-14.23p< 0.0001). There was significant difference bemvemergence time for
site 8 males and site 10 females, site 10 malesitm@ females, and site 4 males and
site 3 females (ANOVA F464-13.36, p< 0.0001, Figure 9). There was no sigaific
difference between emergence times for site 3 naaldst females.

2. Host plant preference

Host plant preference is strongly correlated wihaatative mating ik.
solidaginis flies, and it was used as a proxy for assortatiaéing in this experiment
(Craig et al., 1999, 1997). For the preferencesdrpent preformed in the spring of
2010, | found that overall flies did not preferaaposit on plants from one biome over

the other in general (Table 5). | also found thias from the different sites did not
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significantly differ in their number of ovipositisnTable 5). Cage replicates did differ
significantly because in some cages flies tendexVijgosit more than in others (Table
5). The plant biome by fly site origin interactioas significant, indicating that flies
from some sites preferred plants from one biomdenfties from other sites preferred
plants from the other biome (Table 5, Figure 10).

For the preference experiment performed in thingmf 2011, | used only flies
from sites 3 & 4 and 8 & 10. Flies from sites & d® significantly preferred to
oviposit on plants from their own site versus péainobm the neighboring site (Table 5,
Figure 10). Flies from site 3 preferred to ovipasi plants from their own site
(ANOVA F; 40722.50, p<0.0001, Figure 10). Flies from site df@red to oviposit on
plants from site 3 instead of plants from their csite (ANOVA R 377=10.87, p<0.001,

Figure 10).
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Discussion

Geographic Mosaics of Divergence can lead to Gebgraviosaics of
Speciation when several diverging populations usdeilar divergent selection
pressures occur over a large geographic range (\2@38). Varying levels of genetic
variation, amount of gene flow, and compositiomivergent selection pressures among
different geographic populations contribute to a@aphic Mosaic of Speciation
(Itami et al., 1998; Via, 1999; West, 2008). Th&sographic Mosaics of Speciation
are made up of populations that are at differemtp@long the continuum from
undifferentiated populations to fully reproductiyédolated species and are therefore
useful for the study of reproductive isolating maeisms that initiate and complete the
process of speciation (Via, 2009; West, 2008).

| found that the prairie and forest host raceBwista solidaginis flies are
distributed in a geographic mosaic across theiprforest boundary in the southern
Minnesota. | also found that their host pla@s. altissima andS. a. gilvocanescens,
and their natural enemies are also distributedgaagraphic mosaic across the prairie-
forest boundary, potentially creating a mosaicigérsifying selection that could select
for genetic differences seen in the host raceimallly, | demonstrated that there are
varying degrees of reproductive isolation due tstfpsant preference (a proxy for
assortative mating) among these boundary sitesestigg that these flies show a
Geographic Mosaic of Speciation.

| found significant differences among flies inith@ing patterns, the gall
morphology they induced, and in their ability ta\8ue on the subspecies &f
altissma. The geographic mosaic pattern of neighborirggsitith strong differences
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between fly populations indicates the existencevofpartially reproductive isolated
host races with little gene flow between sitese $hies where flies were intermediate in
the characters that Craig and Itami (2011) usetlifterentiate between the host races
indicates that there has been gene flow betweepdpelations. Together these
indicate that there is geographic variation in@itbrezygotic or postzygotic isolation,

or both. The correlation of wing pattern and gakpe was significant indicating that
there is some linkage of these traits, but thezeadso intermediates indicating that there
is gene flow resulting in trait remixing.

In order for host-associated assortative matirgytdve as a reproductive
isolating mechanism, there must be some sites where are parapatric or sympatric
distribution of plant populations for the fliesutlize so that there can be selection for
the flies to evolve the ability to differentiate ang host plants. | measured a suite of
morphological plant characteristics from each aitd found that some neighboring
sites are morphologically distinct from each otfiénis indicates that there may be
reproductive isolation at the biome border betwibese prairie and foreSt altissima
populations. Probability prairie scores from tiecdminate function showed bimodal
distribution at site 4, indicating that differertéd plant populations may be truly
sympatric at that site. These differentiated pfaogulations could exert diversifying
selection pressures on the flies for the evolutibreproductive isolating mechanisms
which could result in ecological speciation. Besmthese significantly differentiated
and intermediate plants populations are distributealgeographic mosaic, there is a
geographic mosaic of selection pressure for filesdapt to their local plant
populations.
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| also found that natural enemiestofsolidaginis flies are distributed in a
geographic mosaic across the prairie-forest boyndaepending on how these
additional differential selection pressures matghwith the differential selection
pressure of the host plant, they may increase aedse the selection for the evolution
of reproductive isolating mechanisms among poputatiofE. solidaginis flies. For
example, in a typical prairie site with prairie pis, low bird predation, abundant
mordellid beetles, ané. gigantea with long ovipositors would produce selection for
adaptation to prairie plants and production oféamgund galls. An adjacent forest site
with forest plants, high bird predation, low moldktensities, an€. gigantea with
short ovipositors would exert selection for adaptato forest plants and the production
of small galls. The combination of these selecpogssures at each site creates more
selection pressure for reproductive isolating ma@ms to avoid the production of
hybrid offspring with low fitness in either sité site with prairie plants bordering a
forest area could have high bird predation resglitnselection of flies adapted to
prairie plants, but with small galls.

| also found that prezygotic reproductive isolgtmechanisms are present in
this geographic mosaic. Difference in emergenoediamong populations could
produce significant if incomplete reproductive &an. | found differences in
emergence times of males and females from neighdp@opulations of about two days.
Since flies live 10-14 days in cage environmeitiis, would not by itself produce
complete reproductive isolation (Itami et al., 1p9Blowever, females usually mate the
first day after emergence and male mating sucaag®dses with age (Itami et al.,
1998) so small differences in emergence times coale a large impact on
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reproductive isolation. Also, flies will wait toreerge from their galls and/or will refuse
to mate if weather conditions are not favorablanfitet al., 1998). If males from one
population emerge, and if there was poor weathesdweral days in a row, these small
differences in emergence times could produce strepgpductive isolation.

| also found indications of prezygotic isolationedio assortative mating. Plant
preference for oviposition site is strongly cortethwith assortative mating in this
system (Craig et al., 1999, 1997; Craig & Itamil2p | found that there was a
geographic mosaic of plant preference across thradborder when | tested the
preference of flies from sites near the prairieefdboundary for plants from far within
the prairie or the forest. In the second fieldsseal used pairs of fly sites that were
morphologically different yet geographically adjat® test for preference of the flies
using plants grown from their own sites and fromirtimeighboring site. | found that
flies from three out of four of the sites signifintly preferred to oviposit on plants from
their own site versus plants from the neighborite sThis indicates that host-plant
preference (a proxy for assortative mating) is fioming as a prezygotic reproductive
isolating mechanism in this system at some sife 4 flies did not prefer to oviposit
on plants from their own site but the bimodal dlgttion of wing patterns at this site
suggests there may be two, partially reproductiissated populations of flies present.
Because | did not test preference of individuad]il do not know if the flies | used to
test preference had forest or prairie type winggpas which may be linked to
differences in preference. Plants from site 4 alsmw a bimodal distribution of
probability prairie scores, suggesting there magneepopulations of plants present at
this site which further complicates the prefereresailts from this site. If these
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differentiated populations are truly sympatricige ¢ then further investigation of plant
and fly populations present at site 4 is warranted.

Funk et al. (2006) have shown that a combinatfamumber of relatively weak
reproductive isolating mechanisms can produce gtreproductive isolation. | found
that there are several reproductive isolating meisinas. Differences in emergence
times, assortative mating, and spatial isolatiomlgimed with low hybrid survival
(Craig & Itami, 2011), though relatively small ineir individual impact, could in
combination create strong reproductive isolatiod potentially result in ecological
speciation. Conversely, a combination of weak répctive isolation due to each of
these factors at some sites could result in sanifi gene flow and the genetic
homogenization of populations. | conclude thaswith different combinations of
plant populations and natural enemies could cre@geographic mosaic of diversifying
selection resulting in a geographic mosaic of rdpotive isolating mechanisms.
Reproductive isolating mechanisms that vary inngjtle and composition may produce
varying levels of gene flow which produces a raafidegrees of reproductive isolation
among populations creating a Geographic Mosaigetktion.

There have been a limited number of other integeadtudies that have looked
at an organism’s distribution in relation to habitae and selection and how that might
affect reproductive isolating mechanisms (ltamalet1998; Nosil, Crespi, & Sandoval,
2002; Nosil, Sandoval, & Crespi, 2006; West, 200Bgsults described here provide
the first indication that the differentiation Bbirosta solidaginis system across the
prairie-forest boundary occurs in a geographic neosaich may produce varying
degrees of reproductive isolation resulting in @@aphic Mosaic of Speciation.
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Our understanding of this system would benefitrfifarther investigations into
interactions between prairie and forest populatmfris solidaginis. A large scale
experiment with grid sampling of sites along theruary area could be used to answer
guestions about the extent of the Geographic Maxa&peciation present in this
system. An increase in the number of sites meddorereference could be analyzed
for correlation with the presence of certain divargselection pressures. This would
give us a better idea of what selection pressueesluencing the development of
reproductive isolating mechanisms.

Further development of genetic markers identifyingjrie and forest plants and
flies would aid in determining which plants aneéfliare present in each site. Using
information about population genetics at thesessite could also determine the
amount of genetic variance at each site which esafrthe three factors laid out by
West (2008) that may affect the Geographic MosaBpciation.

Another factor discussed by West (2008) is theapiation in the amount of
gene flow between divergent populations. | haveshthat there is variation in the
amount of prezygotic reproductive isolation amoigsswhich affects the amount of
gene flow. Other factors that might affect the antaf gene flow include the
geographic isolation between populations and the @ population patches. Larger
populations will produce more migrants into smafiepulations and may therefore
swamp local adaptation and development of reprogeigolating mechanisms
(Kareiva, 1983; McCauley, 1991; West, 2008).

Geographic distribution of differential selectipressures affects the amount of
reproductive isolation between closely related taxa@ifferent populations (Itami et al.,
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1998; West, 2008). This geographic variation mgyan the level of divergence
between differentiated taxa and may shed light bithvselection pressures drive
speciation (Via, 2001). Biodiversity in part dedsron these types of speciation
mechanisms. With a greater understanding of tipaatof different selection
pressures and how they function at different ggagrascales we can make informed

choices about the development of conservation ganenserve biodiversity.
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Figure 1. Gall Collection Sites. Flies from the 2009 cohort are marked with red crosses. Flies from 2010

cohort are marked with blue pointers. Sites 3, 4, 8 & 10 were collected both years.
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Figure 2. Geographic distribution of morphological fly characteristics. All characteristics show a
geographic mosaic distribution with some neighboring sites that are significantly different from each
other (P<0.05).
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Figure 3. Distribution of wing ratios within sites. Site 4 shows bimodal distribution indicating there
may be two, differentiated, populations of flies present.
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Figure 4. General linear model of number of galls formed per oviposition. Combinations are labeled
by site (#) flies (F) on site (#) plants (P).
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Figure 5. Using discriminate function probability scores for each plant, | took the mean 'probability
prairie' score and compared among sites. There was statistical differences among sites with the
experiment sites (3, 4, 8 & 10) being statistically different from their neighboring site.
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Figure 7. Percent mortality of original transect flies explained by three natural enemies.
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32



40

I Mordellid Predation
[ Bird Predation
I Parasitoid Wasp Attack

°

ben) 30

=

© _

&

nn]

2

g 20 1

o) _

=

I=

)

o

& 101

0 - T T

AL33 AL34 AL35 AL36 AL37 AL38 AL39 AL40

Western Sites from South to North
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Figure 10. General linear model of fly preference measured in least squared mean
ovipunctures per stem. Combinations are labeled by site(#) flies (F) on site(#) plants (P).
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Table 1. Analysis of variance of gall diameter, gall shape, and wing pattern in 2010 and 2011.

gall gall wing

diameter shape patterns
Source df | F P F P df | F P
2010 19 | 53.21 0.000 | 84.52 0.000 | 20 | 86.15 0.000
2010 (sites3&4) |1 |231.72 0.000 | 289.04 | 0.000 | 1 | 29.91 0.000
2010 (sites8& 10) | 1 | 287.84 0.000 | 159.73 | 0.000 | 1 | 746.34 0.000
2011 (sites3&4) |1 |73.13 0.000 | 0.63 NS NA | NA NA
2011 (sites8 & 10) | 1 | 55.12 0.000 | 29.13 0.000 | NA | NA NA
2011 2 |3.07 0.048 | 15.98 0.000 | 4 195.45 0.000
(microtransect)
2011 (western 7 |66.12 0.000 | 73.09 0.000 | 7 | 25.70 0.000
transect)

Table 2. Analysis of variance of gall formation in the 2011 common garden experiment.

Sites3 & 4 Sites 8 & 10
Factor Df F P Df F P
Fly site 1 2.20 | NS 1 4.16 | 0.056
Plant site 1 6.10 ( 0.014 | 1 4.24 | 0.041
Cage (fly site) 18 1.86 | 0.021 | 18 1.02 | NS
Fly site*Plant site | 1 7.11]0.008 | 1 18.75 | 0.000
Error 178 177

Table 3. Analysis of variance of larval survival in the 2011 common garden experiment. There was
significantly higher larval survival in sites 8 & 10 on plants from their own site versus plants from the
neighboring site. There was no significant difference for sites 3 & 4 between survival on their own
plants and survival on neighboring plants.

Sites3 &4 Sites 8 & 10
Factor Df F P | Df F P
Fly site 1 211 | NS |1 .62 | NS
Plant site 1 235| NS |1 .57 | NS
Cage (Fly Site) 18 0.83 | NS | 18 .93 | NS
Fly site*Plant site | 1 294 | NS |1 5.99 | 0.015
Error 178 177
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Table 4. Multivariate analysis of variance of plant morphological characteristics from 2011 field
season.

Plant trait All Sites Sites3 &4 Sites 8 & 10

I:10,1034 P F1,297 P I:1,308 P
Plant height 17.20 0.000 | 25.36 0.000 | 36.73 0.000
Stem diameter | 26.02 0.000 | 58.83 0.000 | 90.55 0.000
Total leaves 7.29 0.000 | 4.83 0.029 | 0.52 0.473 (NS)
Leaf length 4.27 0.000 | 5.06 0.025 | 16.96 0.000
Leaf width 10.10 0.000 | 17.82 0.000 | 51.93 0.000

Table 5. Analysis of variance of oviposition preference of flies in 2010 and 2011.

All sites Sites3 &4 Sites 8 &
2010 2011 102011
Factor Df F P Df F p Df F p
Fly site 11 1.14 | 0362 |1 3.32 0.085(NS) | 1 0.15 0.707
(NS) (NS)
Plantsite 1 0.44 | 0.506 |1 36.20 | 0.000 1 2.93 0.087
(NS) (NS)
Cage (Fly Site) 35 2.18 | 0.000 18 5.25 0.000 18 7.38 0.000
Fly site*Plant 11 4.00 | 0.000 1 1.90 0.169(NS) | 1 54.24 0.000
site
Error 1496 756 906
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