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Abstract

Insect galls are a common featuramnianyxeric environments, where hiding
away inside a plant host offedgveloping larvae consistent food astalterfrom harsh
conditions This gudy aimed to identify the most significant environmental factors that
affect local populations of oagalling waspsklymenopteraCynipidae)associated with
threeQuercusspecies founth xeric habitatdocated insouthwest FloridaUSA. Cynipid
gall diversity, richness, and abundance were quantified for 35 sample sites across 11
counties, counting only winteseason gallsAll sampk sites were locatedithin xeric,
fire-managegvegetative commuties. It was hypothesized that ensince last fire,
habitat size, latitude, and tree size would have significant and positive correlations with
cynipid ShannotWe i ner di ver si ty (déddapundasce gercsiteels r i ¢ h
was also hypothesized that individbastQuercusspeces andQuercusspecies richness
would influence cynipid populations. A total of 4,305 individual galls from 21 cynipid
species were counte@iime since fire was thstrongespredictortested in this study,
significantly correlating with both cynipid divaty and richness. It was also a predictor
of mean tree height, which was the only predictor found for gall abundance. Leaving
unburned refugia within firenanaged areas should therefore be considered an important
management tool fdhe protecton ofgalling insect diversity. IndividuagQuercusspecies
andQuercusrichness also affected local cynipid assemblages, but played more minor

roles in communitylevel metrics than time since fire.

Vi



Introduction

Cynipid wasps (Hymenoptera: Cynipidae) are small, solitary parasites with highly
specialized reproductive strategies and often complex, cyclically parthenogenic life
cycles (Stone et al2002).The phytophagous members of this fanilyemically induce
thegrowth of protective and nutritive structures on their host plggt|so) in which the
larvae feed and develop. Once hatched, the adults do not feed and are only concerned
with reproductionpe itsexually or asexually. The galls they induce are highigrse
across species, and candiier verysimple orastonishinglycomplex in structure

(Askew, 1984).

Taxonomy and Life Strategies

Though awidespread and divergamily, there is still much to learn about
Cynipidaenatural histories antixonomy Hymenopteras, in generalunderstudied and
underdescribetin relation to other ordertaSalle & Gauld1991) and may in factival,
or evensurpassColeoptera as the most speciose on the pl&seent estimates suggest
that Hymenoptera may contain 832x more species than Coleoptera (Forbes et al
2018. Parasitica, the Apocritan infraorder that includes wasp species whose larvae are
assumed todobligate parasites of arthropod hosts (the other infraorder, Aculeata,
includes ants, bees, and stinging wasps), is thought toupakestoft he ®r der 0
diversity, but exact percentages have yetbeen calculatedHowever their typically

small size and complex life cycles likely contributeatag in new species being



describedThe gallingwaspsof Cynipidae which parasize plant tissuesre similarly
elusive but have garnered attention as examplesmplexinsectplant and parasite
hyperparsitoid relatiomsps Ronquist & Liljeblad 200% Hayward & Sone 2005;

Inouye & Agrawa) 2004).

Cynipidaecurrertly includesfour major and four minor tribeshoseapproximate
1,400 specieparagtize a wide range of plagfenergRonquist & Liljeblad 2001).
Species within the tribe Cynipini (Hymenoptera: Cynipidae: Cynipihg most
abundant group of gall waspmarasitizeQuercusanda fewother genera of Fagaceae.
Two other major gallingribe®d Aylacini and Diplolepidind find refuge in woody
generdike Castaneaor in herbaceous species of Asteraceae, Lamiaceae, Rosaceae, and
Papaveracea®pnquist et al 2015. Members of thdinal major tribe, Synergini, do not
induce gallsandinsteadfeed and develop within the galls of other Cynipids as inquilines
or parasitoidsthough only on those induced on woody plaAtiditionally, two minor
tribes have been traditionally included in Cynipidae: Pediaspidoergallers) and
EschatoceriniAcaciagallers) Two new, small tribes have also recently been described
based on morphology: one species of Qwagwalinolopia[Salicaceae] galler)
(Liljeblad et al, 2011) and two inquiline genera of Paraulacini (Nievdsrey et al,

2009).

For the galling tribes of Cynipidae, reproduction begins by locating specific,
usually meristematic organs on their host pkpdciegShorthouse & Rohftsch, 1992;
LeBlanc & Lacroix, 2001) Mating may or may not precede thidynipini and
Pediaspidini are rare examples of cyclical parthenogenesis, or heterogony. Generally, one

sexualgeneratiorand one asexugkeneratioroccur each year, with some species



involving two different types of asaal females at a timé-¢lliot, 1964;Askew, 1984).

In those species, sexual haploid male offspring are produced by asexual androphores
while sexual diploid female offspring are produced by asexual gynephdkewise, the
sexual females of those species, sucNesoterus quercusbaccarryman be divided

into two groups based on whether they produce androphore or gynephore daughters.
Otherpeci es 6 a s sughdadssetticepalladdcangroduce both male and

female offspring from unfertilized eggSuomalaine& Lokki, 1987).

After emerging from their own galls, adu(tsrely longer than 5 mnare not
known to feedinsteadmmediatelybeginsearching fomatesor ideal spots for planting
the next generatioiittle is known about their dispersal preferences or capabilities, but
the search is aided by thea s gegnability to detecthechemical signaturesf their
hostplants(Abrahamson et 3l2003 Romani et aJ 2010, allowing them to not only
distinguishbetweerspeciesbut alsobetweerdifferentorgans Once an ideal spot has
been located by the graviemale, hey attach either oregyg,or several at a timeo the
targd organ, and theurrounding plant cells lyse to form a chamber around the
subsequent larva@he method of gall induction is not entirely clegthough chemical
redirection of plant organ developmentdrpwth hormoneand enzymesynthesized
andinjectedby the motheat time of ovipositionbut also by theggs and larvaes
suspected as the main drivEigéan et a] 2018;Harper et al| 2004 Shorthouse et al
2005. Meristematic tissue is generally popular for ovipositioning sites among galling
cynipids, as the tissue is already actively differentiatiay.the Cynipini tribe, the apical
buds, young leaves, flower buds, catkins, and acor@aefcusare common taeg

organs, though some species prefer woody twigs or subterranean roots.



Once a larva has hatched and is surrounded by the early gall tissue, it can begin to
feed onthenutritive tissue produced only in the innermost layer of the gallarval
chamberVacuolate parenchyma tissue develops around the larval chamber, as well as a
layer of sclerenchyma that wilgnify once the larva begins to pupéteBlanc &

Lacroix, 2001) Incredible variations of the outer parenchyma tissue and epidesngs

evolvedto achieve differentorptological characteristicsmost commonly for avoiding
Synergini parasitoids and other preda{@korthouse & Rohfristgl1992) These
morptologicalvariations are even evident between sexualaaegual gengtions of the

same species (Melika et,&013).Especially in oak gallershétissue outside of the

larval chamber produces relatively large amounts of tannins and phenolics, likely for
deterring fungal parasites or other threats (Taper &d&87). This is where the

structure gets its namdlerriamWe b st er defines fAgall 6 as: #db
endur e, 0 or fa bbittertardastri‘rgenspropedstiatghe tannins 6 T h e
and phenolics lend to the gallveealso led totis past and present use in the production of
pigments and medicines (Lare®987). Iron gall ink made by combining ground oak

galls with ferrous sulfatevasone of the most importairiks usedthroughout the history

of westerrcivilization (Kolar et al, 2006).Thomas Jefferson wrote the Declaration of
Independence in iron gall ink, which has caudedument preservation issuige toits

acidity.

As the gall matures, the growth of parenchyma tissue slows and the larva
consumes the last of the nutritive layer within the sclerenchymatous chambstaad
et al, 2002) Lignification of the surrounding tissue begjm®ntrolled by and for the

protection of the larva, which thenitiates pupationThe gall may drop to the ground or



remain on the tree until the adult wasp emerggpically, in Cynipini, galls containing
the sexual generation developtlire Spring, with adults emerging dgte Summer. The
asexual generation then develops throbglhand either emerges and lays eggkia

Fall or remains dormant amaverwinters in the gall

Although thecynipid gallsprovide nutrition and protectidio their hosts, the
developing larvae and pupae still face threats from thedsutsiquilines and parasitoids,
be they Lepidopteran&ljason & Potter200) or fellow Hymenopterans, can have
remarkable impactst hei r hostsd popul ai9BloCorsell& Was hbur
Hawkins, 1995 Roy et al, 2011J). Invertebrate and vertebrate predators can also feed on
the proteirrich larvae hidden away in galls, provided they have the machinery necessary
to reach them. Large and heavilgnified galls can be cracked open by woodpeckers and
rodentswhile smallermirds can break into softer galls with thinner sheishtnrogge et
al., 1999). However, theffectof vertebrateand fungapredation on galhg communities
has not been well studi@mong most speciesd could apply significant pressure on
cynipid poptations (Abrahamson & Weid 997 Taper & Casgl987 Zargaran et al

2012.

Distribution

Generally, galling species richnessigiallyhighestin the northermemisphere,
particularlyin areas around 3%atitude, and are more abundant in dry habitats
(Fernandes & Prig; 1988).However, particularly high richness has been found in the dry
cerrado biome in Brazil (Lara & Fernand&9896. Infertile soilsalso appear to
encourage higher galling insect richness (Blanche & Wesi&8b)While freefeeding

insect herbivores have been found to prefer riparian sites over dry sites, the opposite is

5



true of galling insectdnducing and taking refuge in galls can be an effective way to
escape harsh environmental conditions, and is thus nkefhg to evolve where those
conditions are preser@all inductionhasevolved independently several tirmias
arthropods, including Diptera, Coleoptera, Lepidoptera, and Homoptera (Raman et al

2005).

Within Cynipidae, ak galling cynipidd Cynipini, sometimes referred to as
Acyni punhemore oft en Odsareropnd in bathghEasteryand pi d s o
Western hemispheres, but are most abundant in the Nearctic, particularly in Mexico
(Weld, 1960).Cynipines areepresented by approximatelypQ0 described species across
41 genergRonquist 1999, though a revision to 26 genera hesentlybeen
recommended (Melika & Abrahamsd002) There have been no comprehensive
surveys of cynipine richness since thie 12970swhich placedhe totalnumber of
cynipinesnative to continentahmerica, north of Mexicoat 485 specieg$Krombein et
al,1979.Fl ori daés coll ection of arghpsttcdeastGbat el y
describedtynipine species (Price et,&004). However, the sexual and asexual
generations are both known for relatively few species, so s@teggenerations may be
wrongly classified as separate species. At the sameitihaes been suggested that there
is still available niche space in cynipid communities, such that there is good reason to

believe that there are still undescritsgecies (Cornelll985.

Previous Research in Florida

The Cynipidae family has received scientific attention as parts of model systems
for studying complex planhsect and hogparasie interactions $tone et aJ 2009;

Gaylord 1996. Though most of the cynipid research performed in the U.S. has been
6



conducted in California, sevenabtable discoverieBavestemmed fronk | or i da 6 s
cynipids, including key insights into the taxonomy, phylogeny, and host specificity of
cynipid waspsas well aghe applicability of ecological theory to interspecies population
dynamics (Melika & Abrahams@2002; Abrahamson et.aR003; Price et gl2004).
Theseinclude finding strong host species and organ fidelity among cynipids
(Abrahamson et gl1998), so much so that arranging h@siercusspecies by their

cynipid parasiteassemblagegroduce a dendogram similar to botanical arrangements
that depiciphylogenetic relationshipélthough Florida has higherak-galling cynipid
richness than other areas of the U.S. (Price & 04) , i nvestigation i1
populations and assemblagesacking in comparisarOnly very recent publications

have focused on cynipid responses to environmental variables, especiallyntimérsi
(Cronin et al, 2020).Considering its high richness atigklag in cynipine research,
Florida could prove to bediversity hotspot forcynipids andyield new insights into their

natural histories, evolutionary histories, and spe@gd canmunity-level interactions.

Florida is home to 25 species@tiercus which equates to a relatively high
diversity of oak specieshencompared to bettestudied regions like California, which
has only~20 specie®f Quercusdespite being 2.65x larger in land area. Additionally, the
Atlantic region has higher cynipineto-oak species ratio (378 cynipine to 28 oak species
censused) compared to California (159/14 species censused) 18&I11959). This
may suggest that Fliola, with its 25Quercusspecies, could have relatively high total
cynipine diversitywhencompared to other statasostrecent estimashover around

130 species in Florida alone (Price et 2004).



Project Scope

This project included aegional survey obak-galling cynipidspecien three
oak species commonly found in upland communities of Florida, with subsequent
investigations into species assemblage, richness, and diversity pdttermain
objectives for this surveyereto map the geographic rangescghipid species within
the target regioto identify significant variableghat influencecynipid population
metrics, and taleterminewvhethe the individual population meats respond to those
variables equallyit is hoped thatttis informationcouldthenbe used by local land
managers to proteatr give special consideratipto any areas with rare or isolated
populations. This is extremely important with respect toréggmes, as frequent, wide
ranging burns could harm vulnerable populati@Eeciedevel responses to fire are
largelyunknown for mosNorth Americancynipids aside from ong¢ime mortality rates
of herbaceous gallers in prairie firgsay & Samenusl993) However, new attention
now being given tandividual cynipid speciegesponses to firlBgkhshandeh
Savadroodbari et aR017 Abrahamsor& Cronin, 2019 lendsnew insights into

prospective fire management tactics footectingpopulations

Mapping the geographic ranges of the cynipid species found on the three target
oak species is simple compared to the statistical components of this project, but could
prove to be more telling in the end. Climatengewill likely have some degree offett
on oakgalling cynipids, especially with respect to th&hiort,seasonallycued
emergencand reproduction periodas climate patterns in Florida are expected to
become drier and hottewith longer fire seasor(&ill et al,, 2019), cynipid reprodttive

timelinesmay be altered or impacted by changes in growing season timing or intensity.



Insect herbivorgsn generalwill have to adapt to a warming climate (Bale et2002)
tracking any shifts in distribution patterns will be an important plaaissessing a

popul ationds response to climate change.

Identifying theimportant environmental variables that influence-gaking
cynipid populations will also be a key componfmtmanaging populations, both
generally and in a warming climate. Tipijectaimedto collect data on several
variables that could influence cynipid populations on the three target oak species, and to
then find the best combination§these variablesas determined by loweskaike
information criterion (AIC) ifmultiple linear regressiorgedicting important cynipid
population metrics like diversity, richness, and abunddfiogingscould be then be
used to help identify critical arefés cynipid populations, ansuggest ways in which
land managersanbetterprotect themSuch insightgould prove to be important not
only for the cynipids, budlso foranyotherarthropods that utilize their gallEl{ason &

Potter, 2000a: Washburn, 1984).

Researchhypotheses.

Previousstudies pointo several important environmental factors that can affect
cynipid populations, though many detal® still unknownCynipids have been observed
aligning with the speciearea relationship derived froisland biogeography theory
(Simberloff & Abele 1976)but the degree to which host geographic range affects
cynipid richness is greater in the Pacific region of the U.S.ithtre Atlantic (Cornell &
Washburn1979). This could be due to several other compounding variables, such as
taxonomic isolatia of both hosts and parasites (Lawton & Shrptl@v7), size of

individual host plants (Cornell986), and habitat diversity (OpJa974).However,
9



galling insectsare knownto be more abundant in regions with low soil fertiliBlgnche

& Westoby, 1995; Cuevafkeyes et aj2004), and are most abundant in subtropical

latitudes (2538° N or S) decreasing only if altitude riséBrice et al.1998).Galling
insectcommunitiesare also knowmo be highly influenced by temperature and moisture,
suppoting theharshenvironmenthypothesisof distribution (Fernandes & Pric&988).

Hot, dry environments seem to encourage galling insect richness, as stowing away inside

of a plant is a clever, albeit evolutionarily complicatedy to escape harsh conditions.

FIl ori dads pi ne pojydeideal comlnatioms ofthese i e s
constraining factorto encourage high cynipid richness (Carr et2010). Sandy soils
encourage quick drainage, low nutrient retention, and ¢dtempH levels among upland
soil types overall soil fertility varies little between these upland communities, except for
scrubby flatwoods (Kalisz & Ston&984).Florida also lies within the ideal latitudinal
range 25-31° N) and has onlynarginalaltitudinal variation(0-105 m) Further, many of
FIl oridads oak species vary markedly in dis
availability, soil fertility, and fire regimes (Ewel & Myers990; Long & Jong 1996;
Menges & Kohfeldt1995), providing ample opportunity for specialization among the
cynipids that parasitize themila ny of t hese characteristics

high cynipid richness (WeldL960).

Fire is a dominant f eat ur edestuctifehessr i daod s
of fire to galling insects depends to some degpem its intensity (Fay & Samenus
1993), anctynipid richness and diversity have been observed increasing with time since
fire (Bakhshandetsavadroodbari et aR017 Cronin et al.2020). Most scrub oak

species have evolved to be able to completely burn above gidaunda fire and then

10



resprout (Abrahamsei984) but their galling insects usually do not survive moderate to
high intensity burns. Restablishment cd burnedcynipid community relies on

immigration, and for some speciésantake six years or more (W. G. Abrahamson
personal communicationgbruary 27, 2018). Fire can thus reduce cynipid richness in an
area for several years but may also open Im&itat space for colonizatiohhe periods

of intense postire sprouting may be beneficial to some species, @asywhoose
meristenatictissues for oviposition sites (Stone et 2002. However, the abundance of
parasitoid and inquiline species which prey on cynipids can also increase with time since
fire (Washburn & Cornell1981) but at the same time can suffer in fragmented habitats
(Kruess & Tscharntke2000). Parasitoids apply significant pressure on cynipid
populations (Stone et aR002) so the variables controlling their population dynamics can
indirectly affect cynpid populations. Fragmentation can also have direct effects on
cynipids (Kaartinen & Roslir2000), though it is not always guaranteed (Chust et al.
2007). In this way, habitaize andire history can haveariedinfluences on cynipidsa

goal of thisprojectwasto determine how these possible influences manifest in Florida.
With the dorementionednvironmental factors and their possible influences on cynipid

populations in mind, the hypotheses for this study are as follows:

Hypothesis 1:0ak-galling cynipidShannorWeinerspeciesli ver si ty ( H6)
increase as habitat size, time since fire, tree size, latitundeoak species richness

increass.

Hypothesis 2:0ak-galling cynipid species richness will increase as habitat size,

time since fire, tresize, latitudeand oak species richneasreass.

11



Hypothesis 3:0ak-galling cynipid abundance will increase as habitat size, time

since fire, tree size, latitudand oak species richnaasreass.

12



Methods

Target QuercusSpecies Selection

Florida is home to 25 species in the oak ge@Quercus making it a rich and
diverse region for cynipid galle(Brice et al.2004) Winter is an opportune period for
sampling and collecting cynipid gabsthe pupding youngare pically fully encased in
an airtight,sclerenchyratous kernel by thenset ofWinter andthenready to emergm
the Spring (Askew, 1984) Collected galls can therefore yield limdultspecimens to aid
in identification, demonstrate emergence ratestapdovide insights into the parasitoid

and inquiline assemblages for the cynipid species collected.

QuercusgeminataSmall Quercusmyrtifolia Wildenow, andQuercuschapmanii
Sargentvere selected to be surveyed for cynipid wasp galls from Nove2®E to the
end of March2019. These three species were seledtedtotheir physiological
characteristicggeographic distribution@nddocumented abundance of cynipid gallers
Q. geminataandQ. chapmaniare white oaks (secticQuercu$, while Q. myrtifoliais a
red oak (sectiohobatag. All threespecies are xerophytic and produce hardy, waxy
leaves thatypically do not drop in th&all andpersist at leadbr one yearAs a esult,
galling insects can utilize leaf tissardgalls canstay attached to the host trngsar
round.They are also shedtatured trees, typically-3 meterstall, but capable of
exceedindl2 metersif not subjected to periodic firegjaking sampling th entire tree for

galls more feasibleLastly, these species Quercusaretypically found in the same

13



vegetative community types (Cat al, 2010), therebyullifying mostpotential

differences in cynipidjall assemblagesetween species due to habitat characteristics.

Most of their geographic ranges are in Florida, thoQgheminataandQ. myrtifolia

extendnorth along the coasts of Georgia and South Car@\nen, 1997).Because the
distributions of cynipid gallers are restricted to that of their host plants, tree species that

are almost solely found in Florigae more likely to host cynipids that are similarly

limited, and possibly endemic, to Floridhe three seleatikQuercusspecies also host an
extremely high proportion of.OfRHe2brspeclea 6s es't
of oaksfound in the state). geminataQ. myrtifolia andQ. chapmanihost a combined

59% ofits knownoak-galling cynipids (Price etlg 2004).

The goal of this study was to survey the three selected species of oak for all
winter-season, nosubterranean cynipid galls that waiveat the time of sampling.
Thegallsfrom a large number of cynipid specien persist long after theglultemerges
(Askew, 1984), such aBisholcaspis quercusomnivotsshmeadFigs.2.1 & 2.2. In
order toavoidany potentialskewin thecount datgfrom overcounting longpersisting
gallg) it wasimportant that these were excluded from the surVegrefore, only the
currently or very recently activgalls were counted during samplisg ago build more
accurate snapshots of cynipid assemblagesabundances he status and age of a gall
can be determined not only by the presence or absence of escape holes chewed out by the
emerging wasps, but also by color, texture /aneblume changes of the gallhe
exclusion ofexpired galls from the count data meé#mat only the winter season
generations were counted, though the presence of expired galls was recorded for

anecdotal purposes.
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Cynipid wasps can produce drastically different galls between their sexual and
asexuabenerations (Askemwi984), and galls for both generations are still not identified
for some species. Some species also switch between inducing galls above and below
ground between their two generatighsnd et al, 1998. Only galls occurring above
grourd were counted in this survey, and any unknown galls were counted and collected

in order to rear adults for identification.

Site Selection

For this study, sampling was conducted in$bathwestegion of Florida
bordered on the north Bylarion countyon the east bf?olk county,on the west by
Pinellas county, andn the south b harlotte countyFew previous surveys of Florida
cynipids on oakgxist and the most recent and extensive sut@®yahamson et al.
1998)did notsample larg portions of the statearticularly in theSouthwestern regian
Therefore, this study focudenore intensively on a smaller geographic avéh an
attemptto reveal more subtle patterns in species distributibims. study also surveyla
smaller number oQuercusspecies than th&brahamsorsurvey,in an effortto identify
significant factors affecting species assemblages and abundances other thaniesk spec

assemblages.

The three target species@tiercusare typically found in xeric, upland
community types, such as sandhill, scrxdrjc hammockand scrubbypine)flatwoods
(Carr et al,2010) Of thefour, scrubby flatwoods is the most common, &llifour
communities are found within the geographic range of this siiEwgll & Myers,
1990) To identify possible sampling sites,-§8ar management plangreobtainedfor

protected areamanaged byhe Florida Forest Servic&§outhwesEloridaWater
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Management District, Florida Fish and Wildlife Conservation Commission, Florida
Department of Environmental Protecti®gk Tower Gardens?inellas County Parks and
Conservation Resources, and St. Petersburg Park and RecrEaisa.management
plans intuded maps of the Florida Natural Areas Inventory (FNAI) natural communities
found within the boundaries of tisges These maps are generally created using remote
sensing to differentiate vegetative or geological designatind produce fairly

accurate representations of the communities present at particedaOsily sites with at
least one of théour target community typdaiown to regularly host the three target

Quercusspeciesvere selected for sampling

A total of 44 siteswithin 22 protected areasgere selected throughout the survey
area, but onl\86 sites within 19 protected areegntained at least one of the target
