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Parasitism is a highly successful life history strategy, and estimates suggest that as much
as 496 of life on earth is parasitielealthy ecosystems have high parasite diversitych in
turn reflects undeying patterns of host diversitCumulatively, thesedstparasite interactions
span multipldrophic levels and are sensitive to disturbance, making trophically transmitted
parasites useful as conservationls for addressing a multitude of applied amebtetical
guestionsThe four chapters in this dissertation advance the theory and practice of using
trophically transmitted parasites crosdaxon surrogates of biodiversity. Parasite diversity in
key host speciesasused taassess overall communitjvdrsity, habitat heterogeneity, and
ecosystem restoratiamutcomes in the shetérm (<kyear) and up to 25 years following the
addition of structured habita€hapter 1 quantifiethe popuation structure ofthenaked goby
(Gobiosoma boggcaspecies ofish thatlikely serves asakey host within hosparasite food
websin the Pamlico and Neuse riveihere isextensive gene flo@mong populations of
gobies althoughthere is also evidence of local adaptatisrevidenced by the frequency of
unique hapdtypes Interestingly parasite diversity in these fish appeared to be greater in areas
with intact natural habitain contrast to anthropogenicaligodified areasan observatiornthat
became the focus @hapter 2. For this work, infreommunities of dignetic trematodes were

sampled from the eastern mudsnHyjlgnassa obsole)aa key host for trematode parasites in



intertidal marine environment$.r e mat ode communi ty richness,
diversity (Shannon, Simpson) were greater in snails sampled from natural shorelines with
complex habitat (e.g., oyster reedajtmarskcordgrassas opposed tshorelines artitiially
reinforced withbulkhead structure3here were also important differences at the community
level that likely reflect underlying patterns of hdstersityat different shorelingypes For
example, hetrematodes.epocreadium seterifoid¢sS) andZoogonus lasiugZL) were the

most common species samphartoss all sitesalthough they dominated parasites communities
in artificial shorelins. Polychaetes serve as intermediate hosts for LS and ZL, taxa that are
ubiquitous but more common ikuted or habitapoorenvirorments. On the other hand, the
trematode HQ, which requires mollusks and shorebirds as hosts, was only found at sites with
natural shorelines, suggesting that these areas are less disturbed amdreater diversity of

taxa serving as intermediate hosibapters 3 and 4 expand on the role of habitat by testing the
short and longerm response of the hgsarasite community tecologicalrestorationChapter 3
usedparasite diversity in common intermediate hosts to assess how traditional forms of habitat
restoration (e.g., shell bags) comphi@ novel methods (g., Oyster Catcher B in the short

term K 1-yea) following restorationRelativeto areas with bare mud flatspst hostparasite
taxagroupsincreased in response to gheesencef structure although habitatomplexity(i.e.,
oyster densityjnattered less than the ovenatlume of habitat addei the syste. There were

also clear shifts in the functional diversity of species present in the community from more
generalist taxag(g.,grass shmp, naked gobies) to reeésident organism.g.,striped
blenniessnapping shrimp However in the shorterm following restoration it can be difficult to
determine whether organisms are responding to the presence of added structure or the

disturbance pal by the restoration itself. Chaptengedparasite diversity as a tool to evaluate

eV



long-term patterns ofommunity successian restoredysterreefs(5 to 22 years oldIn

generalthe diversity of frediving taxa was highly variabland did not differ among New

Restored (<10 years), ORlestored (>20 years), and Natural reefs. Conversely, parasite diversity
increased with elapsed time posstoration, and parasite communities in older restored reefs
were more similar to those foura matural reefdn addition,oyster toadfish@psanus tapwere
identified asa key host species capable of facilitating parasite transmission and traggntias
oyster reefs food web#ccording to the parasite datapphic complexity m restoredyster reefs
requiredat least 10 years to resbla that found in natural reefaltogether this dissertation

adds to a growing body of evidendemonstrating how parasites can serve as conservation tools
It also advances the rationale for using troplhydaansmitted parasites as biodiversity
surrogatesSurrogate species in biodiversity monitoring studies must be capgtiedating the
presence of other, more elusive taReeference should be giventexxonomicgroups from

different trophic levelsespecially crossaxon surrogates that represent the functional links
between organismdrophically transmitted parasites are ide@sstaxon surrogatesf

biodiversity androphic complexity, particularlywhen parasite diversityan be quantified ione

or morekey host species.
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Chapter 1: Disibution and population structure in the naked gGmpiosoma
bosc(Perciformes: Gobiidae) along a salinity gradient in two western Atlantic
estuaries

Abstract

Many species of fish produce larvae that undergo a prolonged dispersal phase. However,
evidence from a number of recent studies on demersal fishes suggests that the dispersal of
propagules may not be strongly correlated with gene flow. Instead, other fdades\al
behavior and the availability of preferred settlement habitat may be more important to
maintaining population structure. We used an ecologigalportant benthic fish species,
Gobiosoma bosfaked goby), to investigate local and regional spafmulation structure and
gene flow along a salinity gradiefit3 ppt to ~ 18 pptih two North Carolina estuarieS.. bosc
is an abundant and geographically widespread species that requires complex but patchy
microhabitat (e.g. oyster reefs, rubble, woderis) for reproduction and refuge. We sequenced
155fish from 10 sitesusing a common barcoding gene (COIl). We also included recent sequence
data from Genbank to determine how North Carolina populations fit into the larger
biogeographic understandingtbis species. In North Carolina, we found a significant amount of
gene flow within and between estuaries. Our analysis also showed high predicted genetic
diversity based upon a large number of rare haplotypes found within many of our sampled
populationsMoreover, we detected a number of new haplotypes in North Carolina that had not
yet been observed in prior woigampling along a salinity gradient did not reveal any significant
positive or negative correlations between salinity and genetic diversity, nor the proportion of
singleton haplotypes, with the exception of a positive correlation between salinity standard

deviation and genetic diversity. We also found evidence that an introduced European population



of naked gobies may have originated from an Atlantic source population. Altogether, this system
offers a compelling way to evaluate whether factors other than dispersal per se mediate
recruitment in an estuarirsdependent species of fish with a larval éigal phase. It also
demonstrates the importance of exploring both smaller and larger scale population structure in
marine organisms to better understand local and regional patterns of population connectivity and

gene flow.

Introduction

The Gobiidae ishe largest family of marine fishes, with nearly 2000 species described
worldwide, anestimated 320 of which are found in the Ameriddan Tassell 2011; pers.
comm).Cryptic by nature, gobies are small (<70mm standard length) benthic fishes that are
sedetary as adults. Most species inhabit tropical andteytical regions (Thacker 2011);
however, some taxa, including members of the g&ualsosomaare also found in temperate
latitudes in the western Atlantic. Although common across a broad rangeafrestiabitats
and salinity gradients, tH@obiosomaemain relatively understudied (Carle & Hastings 1982,
Van Tassell 2011).

One member of this genus, the naked gBbbiosoma bos(Lacépede, 1800is a
geographically widespread speciesanging fromConnecticut to Campeche, Mexit@nd the
most commonly encountered gobidish in estuaries of the sowhstern United States (Dawson
1969; Ross & Rhode 2004). This small goby (< 60 mm SL) is estudeipendent (Able &

Fahay 1988, 2010) and prefers stured habitat (e.g. oyster reefs, woody deb@s)osds
most abundant in waters of les-moderate salinity (Dahlberg & Conyers 1972), though it may
also occupy sulidal mud flats or the shallow margins of marsh creeks (Miller & Guillory 1980;

Petersn & Ross 1991; Hendon et al. 2000). Naked gobies function as an important trophic link



between benthic and pelagic communifielarkle & Grant 1970; Breitburg et al. 1995;
Breitburg 1999).

Early studies characterizing the life history and distributio® .adbosdocused on its
reproductive biologynd the distribution and abundance of larvae and adults as a function of
salinity (Massmann et al. 1963; Dawson 1966; Dahlberg & Conyers 1972; Crabtree & Middaugh
1982; Shenker et al. 1988onn 1989. PlanktonicG. bosdarvae settle out and become part of
the benthos at an approximate total length-@27nm (Borges et al. 2011). Prior to settlement,
larvae aggregate in low flow areas on the downcurrent side of oyster reefs (Breitburg et al.
1995), whit serve as the preferred habitat for juveniles and aalttsre also integral to goby
refuge and reproductigiNelson 1928; Massmann et al. 1963; Dahlberg & Conyers 1972;
Shenker et al. 1983; Lederhouse 2009 particular, dhesive egg masses are dtetto the
underside of oyster shells (e.g. Dahlberg & Conyers 1972; Crabtree & Middaugh 41982
eggshatch after approximately4 weeks (Nero 1976Early-stage larvae are subject to passive
dispersal processes, while larvae in more advanced stadegeddpment are capable of positive
rheotaxis and have been observeddgregate around oyster reeds other structured habitat
like rubble or artificial structuregyior to settlement (Breitburg et 41989, 19911995).

Due to its dependence onwgttured habitat for refuge and reproductigpatially
mediated patterns @. bosdarval settlement may determine local population densities
throughout estuarine habitats (Breitburg et al. 199%%ter reefs in particular form a complex
spatial mosaien estuariesalong with mudflatssubmerged aquatic vegetation (SA¥id
emergent vegetation (e.g. Bell et al. 1991; Skilleter & Loneragan 2003; Gain et al.&td7)
this mosaic will in turn strongly influence goby abundance and distributional patenrtiser,

larvalG. boschave been reportéd migrate towards lower salinity regions in esiesi (e.g.



Shenker et al. 1983); howevéng homerange of adult naked gobies and their ability to disperse
downstreamremainunknown Ross & Rhode 200Q4In se@ntary fishes lik&s. bosgit is

assumed that dispersal promotes connectivity between populations that are otherwise isolated
within suchhabitat mosag(Leis & McCormick 2002; Shanks 2009). In other words, fong
distance dispersal of larvae over manypkiketers would be expected to result in a relatively
uniform population structure, especially at smaller spatial scales (Palumbi 1994; Shulman &
Bermingham 1995; Mora and Sale 2002; Palumbi & Warner 2003). However, evidence from
demersal tropical and Antdic fishes suggests that se#fcruitment and local adaptation can
persist despite widespread gene flow (Ohman et al. 1998; Rab@@91; Taylor & Hellberg

2003 Moody et al. 2015)This haded many to conclude that larval behavior and the availability
of settlement habitat are more important predictors of population structure than disjoersal
(Shanks 2009; Riginos et al. 2011; Kohn & Clements 2011).

To date, few studies have attempteduartgify population connectivity in temperate
fishes (e.g. Kohn & Clements 201liKe G. bosc However, aecent study on the population
genetics ohaked gobiegMila et al. 2017) has provided some understanding of the-traje
phylogeographic differems throughout much of h e s mrge. iThessndestigation found
thatG. bosas strongly structured based on geography, particularly between Gulf vs Atlantic
populations butwithin those major regions, gobies &nether subdivided into subcladbased
upon geographge.g.,East and West of the Apalachicola Riaésngthe Florida panhandiedue
to biogeographic breaks that inhibit gene flae Mila et al. (2007%tudyis therefore
instrumental irunderstanding the broadenylogeographyf G. bosan North America. © date
howeverthere have been no studies investigating genetic diversity at smaller scales (i.e. at the

estuary level). This is particularly relevant given the importance of suitable habitat in structuring



populations of naked gobieshich are otherwise isolated from one another as adults within a
broader habitat matrix.

In our study, we collecte®. boscalong a salinity gradieritom two North Carolina
estuaries in order to quantify population connectiwithin and between estuas,andalso to
better understand the role of habdatl salinityin mediating genflow andlocal adaptation
While naked gobies have a broad salinity tolergrade0 ppti 32 ppt.), they have been noted as
most abundant in salinities below 24 ppt (Maaemt al. 1963; Shenker et al. 1983), and in
North Carolina, we have observed adults to be most abundant-todowd mesohaline habitats
(5.0 ppti 16.0 ppt) (personal observations). We therefore hypothesized that populations in
oligohaline (< 5.0 ppt)rad polyhaline (> 24.0 ppt) salinities may be more subject to processes
that lower genetic diversity, like drift.

To quantify population structure in these estuaries, we used the common mitochondrial
barcoding gene Cytochrome Oxidase I, which has beenassadool for population genetics
studies across multiple diverse taxa over the past 20+ years (COI 2014; Barcode 2018), and has
proven effective at sequencing the genetic diversity of marine fishes (e.g. Ward et al. 2005).
Furthermore, the use of this rkar allowed us to explore our data in combination with other
recent population genetics datasets for this species, like the Mila et al. (2017) study, and an
additional goby phylogenetics study encompassing multiple goby species (e.g. Van Tassell et al.
2015). It is also noteworthy thatthoughthe comprehensivglila et al. (2017 )studysampledG.
boscthroughout most of its rangi,did not include samples from North Carolimestate which
features the second largest estuarine system in the USA (ARDIEB). Oumwork provides a
greater understanding of the importance of large estuaribe life historyG. bosd

particularly related tpatterns of dispersal and connectivity among isolated populations of these



andsimilarfishes. This worlcould theréore havemportantimplicationsfor the management of
marine protected areas (MPAS), or other conserved habitats that are spatially segregated but

connected by gene flow.
Materials and Methods

Study location

Gobiosomaboscfish weresampledalong a saliet gradient spanning the Pamlico and
Neuse River estuaries ihg North Carolina coastal plaiRi¢. 1, Table 1).Both the Pamlico and
Neuse are shallow (average depiB ), microtidal (< 1 ft. tidal range), oligohalimeesohaline
(0.5 a estari@és8hat&gmbine to form Pamlico Sound: the largest lagoonal estuary in
the United State(Bales & Nelson 198§8The Pamlico River estuary is a continuation of the
freshwater Tar River, and it flows approximately 65 km from the town of Washing@tg
Pamlico SoundThe Neuse River estuary begins in New Bern, NC, and emptieBanttco
Sound For comparison to samples collected from sites along the Pamlico and Neuse rivers, fish
were also collected from Hoop Pole Creek Nature PregBiR€), whichis located along Bogue
Sound in Atlantic Beach, NG~{g. 1) and is part of the Pamlico Sound
Specimen collection

FromFebruaryto July2017, naked gobies wesampled (n = 155yom ninelocations
along the Pamlico and Neuse River estuameadditionto the site at Hoop Pole Creek (Fig 1;
Table 1) (North Carolina Division of Marine Fisheries Scientific or Educational Permit Number
706671) Fish were collected using passive collecting devices: small plastic milk crates (19.05 x
22.10 x 15.75 cm) filleadvith approximately 1.7 kg of autoclaved oyster shell. This technique is
modeled on the successful methodology employed by the Smithsonian Environmental Research

Center (SERC) for the past twenty years, e.g. Roche & To(200v), and within our lab fortte



past 5 yearsAlthoughG. boscand other organisms can freely move inside and outside the
crates, they are attracted to the complex thieeensional habitat that the shell provides. This is
anal ogous to the col |l ect i(204), who engployedghgbitai tsapsd b y
(i . e -r ufbsbhl eel It Fplasficstrays coGere® with 0.6 cm mesh netting and filled with
oyster shell) to sample specifically for naked gobies.

Two replicate crates were deployed at each sample location, makiagdtal of ten
collecting unitson the Neuse River and eight on the Pamlico Reates were zitied to 0.75
m wooden stakes secured in the nearshore subtidal zone, or deployed from fixed or floating
docks using rope. Crates on both rivers were atebelvery 63 weeks, and the contents sorted
using a large sieve (55.9 x 55.9 x 12.7 cm) with 2 mm mesh. A maximum of ten naked gobies
were collected from each sample site during each sampling event. In order to minimize selection
bias, fish from both crasewere pooled together, and ten individuals were randomly selected
from a grid divided into four quadrants. Only sexually mature adults were used in this study.
Therefore, all fish less than 20 mm SL (i.e. Dahlberg & Conyers 1973) were released at a
minimum distance of 50 m from the collecting location. Fish were therlaresported to East
Carolina Universit ECU) and housed in aerated plastic aqueB@&3 x 22.35 x 24.38 cna}t a
salinity approximating that of the collecting location. All collection and housing protocols were
approved byECU IACUC: AUP #D346.Because our sample sites were located along a salinity
gradientsalinity data were collected aachsiteusing a hadheld YSI(YSI Inc., Yellow
Springs, OH) Thesgoint measurementgere averaged acroat sampling events (n=49
provide an average salinity value for each site that could be regressed against genetic (haplotype)

diversity at each sample location.



DNA Sequencing and Analysis
Naked gobies were dissected as part of an unrelated study assessing parasite diversity in
these fish, and thus sampled fish were not released following capture. Once disdetted, w
muscle tissue was saved from each individudliaamediately preserved a0 °C for later
DNA extraction. Genomic DNA was isolated from tissue samples using proteinase K/SDS
digestion, chloroform extraction, and ethanol precipitation (Kocher et al. 1989). Cytochrome
Oxidase | (COI) PCR primers weresigned based on sequence data from Van Tassell et al.
(2015). These newly designed primers were: GOBY COI F: GCACCGCTTTAAGCCTTTTA
and GOBY COI R: TGGTGTTGAGGTTTCGGTCT. The PCR profile is as follows: 95 °C-for 2
min; 30 cycles of 95 °C for 30 s, 55 °C & s, and 72 °C for 60 s; and 72 °C femt
(Blakeslee et al. 2017). PCR amplicons were purified using ExdSAFE ( Ther moFi sher
Scientific). Samples were then sent &&ngeisequencing to Macgen USA(Rockville, MD).
Sequences weraanually cleanednspected for ambiguitieand aligned without gaps to
a reference sequence in Genbank (accessikivif77829.] using Geneious10.1.2 (Biomatters
Ltd., Auckland, New Zealand). This resulted in a 530 fmmsefragment of the COI gene across
all samples (n£55 individuals§rom North Carolinaaccession numbers: MH680%22

MH680751; TableS) Sixty-six additionalG. boscsequences were located on Genbank

following a BLAST searchh(ttps://blast.ncbi.nlm.nih.gov/Blast.¢guith 100% coverage of the
530 basepair COI fragment. These included $&quences (Popset: 1229627432; accession #s:
MF168978MF169034) from a recent and comprehensive population genetics investigaBon of
boscin several North American populations, including New York, Virginia, South Carolina,
Atlantic Florida, Gulf Florida, Louisiana, Mississippi, and Texas (Mila et al. 2017). An

additional 9 sequenceame from a study byan Tassell et al. (2015%: of these wre from a


https://blast.ncbi.nlm.nih.gov/Blast.cgi

nonnative population (Germany) and 4 were frira USA (Florida anthe Gulf of MexicQ
(accession #s: KT278516, KT278523, KT278535, KT278549, KT278552, KM077826,
KMO077829, KT278549, and KM077828).

Our new sequences were combined with the eseces from Genbank and aligned using
Geneious 10.1.2.€guences were then collapsed into haplotypes using TCSl&thdnt et al.
2002 (Table S). TheMila et al. (2017) pops€t122962743pfrom Genbankncluded an
incidencebased understanding of the haplotypes found across the Atlantic and Gulf of Mexico.
In other words, this popset contained no information on haplotype frequencies per population.
On the other handyur North Carolina datasetcludedfrequency data that weexplored
between and among North Carolina populations and estuAgesresult, two separate analyses
wereperformed (1) an investigation for North Carolina populations only, and (2) a geographic
incidencebasednvestigation 6all haplotypes (including our newdxth Carolinaones)detected
across the geographic range. This latter analysis deterimavedakedgobies in North Carolina
fit into the larger biogeographic picture.

Genetic Analyses

Forour first analysisocused orNorth Carolinawe estimated thkeierarchical analysis of
molecular variance (AMOVA) using ARLEQUIN31Excoffier et al. 200p Resulting ixation
indices helped pinpoint whether there was divergence among populations and between the two
major estuariesniour study. PairwiseSTs were calculated using ARLEQU(Wable S2yand
visualized in a nometric multidimensional scaling analysissing PRIMER 7.0.13 (Primes,

Quest Research Limited, Auckland, New Zea)aiwdook for spatial patterns among

populatons.We usedPopArt (ttp://popart.otago.ac.nz/index.shjrtd graphically create

haplotypenetworks


http://popart.otago.ac.nz/index.shtml

We also useARLEQUIN to obtain genetic diversity values for each populatoon
investigate whether there was any effect of salinity on haplotype diversity in the North Carolina
populationsFor this salinity analysis, we included sites that were sampled from the two rivers
(n=9 sites: 4 in the Pamlico River and 5 in the NeuserfRiWe used JMP Pro 13 (SAS Institute
Inc., Cary, NC) to regress salinity with a) genetic diversity and b) the proportion of singleton
haplotypes (calculated from the haplotype analysis described abbig)atter approach was
used to determine whethiirere was any influence of salinity on the proportion of rare
haplotypes in a population. Additionally, given the variability in salinity within these systems,
we also explored whether there was any relationship between the standard deviation of salinity
and genetic diversity.

In addition, Primer 7.0.13 was used to construct rarefaction and extrapolation curves of
haplotype diversity in order to determine the accumulation of haplotypes with sample size, the
expected haplotype richness in each estuarytr@ndumber of samples that would produce an
asymptote in haplotype richness (extrapolatiomnparametriestimatorsave been found
usefulin a number of studies farediding the eventual asymptote richnessof a particular
population Gotelli and Cawell 2001) anddo so by including the effects of rgi@ singleton)
species/haplotypg§Vitman et al. 2004, Chao 200Blakeslee et al. 2008, 2012 clearly
asymptoting accumulation curvsdicates complete capture of the total richnesspopulation
(Gotelli and Colwell 2001 husestimatorcurves and accumulation curvésitconverg onthe
same asymptotean be very useful in determining whether themdisquate sampling a
population or region, or whether more sampling would readditional species/haplotypes

(Walther and Morand 1998lakeslee et al. 2008
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Foroursecond analysifocused on goby biogeographwe performecain AMOVA to
exploredifferencesat the subregional level and also at the larger regional gwetjficaly
between the Atlantic and Gulf of Mexicegions We againusedPopArt to graphically create
haplotypenetworks using incidencéased data from Mila et al. (2017), Van Tassell et al.
(2015), and our new North Carolina populatidnsgthis analysisye also included five
sequences frora nornative population itcermany(Van Tassell et al. 201%) identify if a

source for theon-native populatiortould be revealedithin the overall dataset
Results

North Carolina Estuaries

In our North Carolina dataséfig. 1; Table 1)we uncovered a total of 30 previously
undescribed haplotypes. Among these haplotypes, 74% of our 155 individuals (from four sites in
the Pamlico estuary and five sites in the Neagtaary and also a site from Bogue Sound) were
found © share one dominant haplotype (HAP5). The dominance of this haplotype and the
connections among it and the other haplotypekarestuaries can be observed intthplotype
network of North Carolina populatiofiBig. 2).For our two major estuaries (Paca, n=88, and
Neuse, n=59), this haplotype (HAP5) was slightly more frequent in the Pamlico (78%) versus the
Neuse (68%)At the haplotype level, mosiaplotypes were singleton occurrendeshe
Pamlico, 60% of the haplotypes were singlet@mslin theNeuse, 74% were singletorWwhen
comparing between the Neuse and Pamlico sites, just 4 haplotypes (14%) were shared between
the estuarieghusat the haplotype level, there was much less overlap betweankiwsvever, at
the individual level, 86% of the Neuse individuals shared haplotypes with the Pamlico, and 76%
of the Pamlico individuals shared haplotypes with the Neuse. This was supported by non

significant differentiation in the AMOVA comparing these testuariefFCT=0.00149;
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p=0.44282)lt is important to note, dwever,thatmost of tle sharingbetween estuaries and
among populationsccurred wih the dominant haplotype, HAPB addition to the dominant
haplotype (HAPS5), the second most frequent digple (HAP27) was also comprised of
individuals from both estuaries, as wellBsgue Sound.
At the population levelRig. 3),the followingsiteswere significantly(or nearly
significantly)different from one anothen pairwise «st analysesfter accouting for multiple
pairwise comparisons (Bonferroni correction, p=0.005): MLC and CQC (p<0.001); MLC and
HPC (p=0.009)and NCL and HPC (p=0.009n addition,Table 1lists the ratio of observed vs.
expected haplotypes visvis the number of fish sampled each site. GSC and CQC were found
to have the greatest genetic diversity, with the number of expected haplotypes predicted to be
roughly three times greater than what was actually observed. Both of these sites are classified as
low in salinity (Table ). Fish from all other sites (MLC, NCL, WRC, FSL, MTP, POC, CDI,
HPC) occupied the full range of salinity (lawediumhigh) and demonstrated between one and
two times the expected number of haplotypes compared to the number sampled. At the estuary
level (Fig. 4 A-B), 8 times more haplotypes were predicted for the Neuse (n=160) in the
extrapolation curve than were actually detected (n=20), and for the Pamlico ~5 times more
haplotypes were predicted (n=80) than were detected (n=15). Comparing between tles estua
the Neuse was ~2.5 times greater in predicted diversity than the Pamlico. Such diversity
differences betweentltes t uari es wer e al so supported by a ¢
1.55 for the Neuse and H6 = 1.06 for the Paml
In explorationsof salinity and genetic diversity/proportion of singleton haplotypes, we
found no significant correlations for the following regressions: genetic diversity and salinity

(R?=0.004; p=0.873; Fig.A), the proportion of singleton haplotypes and averageisalin
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(R?>=0.070; p=0.490; Fig.B), and the proportion of singleton haplotypes and salinity standard
deviation (R=0.187; p=0.245; Fig.[3). At the population level, there was seemingly little
influence of salinity and getie relatednesg~or example, twogtially similar sites (in terms of
pairwise «STs), CDI and NCL, had salinities that were separated on average by 6 ppt, and these
sites were also found in different estuaries. However, there was a significant positive correlation
between the standard dation of salinity and genetic diversity 30.500; p=0.034; Fig.G).
No correlations were found when estuaries were analyzed separately, nor-tirceapon
regressions improve fit and significance in any of these analyses, except in the case of the second
polynomial for the proportion of singleton haplotypes and salinity standard deviafe®.782;
p=0.009) (Table S3
Biogeographic Comparison

In our second analys(fig. 6), we combineds. boscsequences from the public sequence
repository, Genbank, with our own North Carolina estuary samples. For this analysis, we
explored regionallifferentiation across North America, including tél-Atlantic (New York
and Virginig, North Carolina (Neuse aflico, Bogue), South Carolina, Atlantic Floriddgrida
Gulf, Florida panhandle, and other Gulf stalesuisiana, Mississippi, and Texas). In addition,
we included 5 sequences found in a4mative population in Germany (Weser estuary). Except
for North Carolina, these samples came from two studies: Mila et al. 2017 and Van Tassell et al.
2015. Among all these samples, a total of 88 haplotypes were found. These haplotypes were
significantlyregionally differentiateqp<0.001) with North Carolina fallingn with the
southeasand midAtlantic samplesWhen comparind\tlantic versusGulf of Mexico sitesthere

was significandifferentiaion between the two major regio(s<0.001)(Fig. 6).
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Introduced German Population

At this point in time, any comparisavith the nopnative populatiorfWeser estuary,
Germany)must be taken with caution, as there are just fel) representative sequences
from this regionVan Tassell et al. 2015 owever, in the haplotype analysis (see red coloration
in Fig. 6) all five of those sequences aligned within the Atlantic network, with two individuals
sharing haplotypes with Atlantic Florida and the +Aitantic. There was no evidence for a
connection to th&ulf of Mexico. Additionaldata from the nomative regiorcouldhelp

pinpoint a more speadf origin for this noAnative population.
Discussion

G. bosds an important member of estuarine communitiespugh remains unknown
about the dispersal potential of this species, especially at smaller scales, and how it may
influence gene flow among populations within a habitat mosaic, or among estuaries. Recent
genetic work has focused on broader questions of phylogenetic relationships among the genus
GobiosomgVan Tassell et al. 2015) and largeale differentiation in wdespread populations of

G. bosqMila et al. 2017). Our study is the first to focus on smaltsle patterns of connectivity

and gene flow in naked gobies using a major estuarine system as our focal region. Our study also

contributes previously undocumedtsequence data from North Carolina populatiors. dfos¢

which will help in further resolving questions related to gene flow in this species at both the local

and biogeographic scales. In addition, we incorporated a salinity gradient into our sigdy des

as previous research has suggested that salinity is an important abiotic factor in the life history of

this fish To the contrary, we found that salinity alone was not a major predictor of genetic

diversity in this species (with the exception of s@finariability), even though reports in the
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literature find naked gobies to be most abundant in moderate salinity habitats. In the sections that
follow, we expand upon these findings and discuss their implications.
Genetic Diversity, Gene Flow, and Connectivity

Spatiallystructured populations are linked by the dispersal of individual organisms (Cote
et al. 2010). Dispersal itself is a fundamentalhifstory trait (Schludermann et al. 2012), and
connectivity betwen distant groups is a major driver of population dynamics (Bignami et al.
2013). Moreover, the availability of stable epibenthic substrate is crucial for maintaining
populations of estuarine fishes like boscas well as other organismalien & Barker 1990
Shima & Swearer 200%ain et al. 2017). In North Carolina, gene flow was broadly distributed
acrossG. bosgopulations between the Pamlico and Neuse estuaries (Fig. 2), and genetic
diversity was quite high. The latter is especially reflected irpthportion of singleton
haplotypes within population3 éble 3, which reached as high as 75% in one Neuse population
and was close to 50% when averaged across all 9 populations. Such a preponderance of singleton
haplotypes suggests a significant amourgesfetic diversity remains unaccounted for in this
system. In fact, rarefaction and extrapolation curtAs. 4 A-B) suggest upwards of 1000s of
individuals would need to be sampled to produce an asymptote; in turn, greater sampling would
produce signifiantly more haplotypes in each estuary than were initially detected.

In addition to demonstrating high diversity and a large number of singleton haplotypes
(just a couple mutation steps away from the dominant haplotype), tHikstpattern of the
haplotpe network is also a welkinown signature of populations that have undergone recent
expansion (e.g., Mila et al. 2000; Frattini & Vannini 2002). For examplelilstapatterns
(together with other molecular analyses; €-g.sFsand Tajima’s D) detected in the haplotype

network of the protisPlasmodium falcipranfwhich infects African mosquitos) demonstrated
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clear population expansions for the parasite (Joy et al. 2003). In a marine example star
patterns were observed inghatype networks of the spiny lobstétalinurus gilchrist) in South
Africa, suggesting a recent bottleneck and/or population expansion (Tolley et al. 2005). Specific
toG.bos¢ there is I|ittle understandi noyimothis t hi s f
region, and as a result, any explanations of the mechanisms responsible for population expansion
are inherently speculative. However, as winds are the main driver of currents and water level in
the Pamlico and Neuse estuaries (Luettich et0fl22WVhipple et al. 2008 larval G. boscwould
be highly susceptible to windriven dispersal while remaining planktonic in the water column.
Given the severe storms that frequent the region (and also coincide with seasonal spawning
activity of G. bosg, our evidence for a possible population expansion could be a response to one
or more of the 35 tropical cyclones to affect coastal North Carolina over the past two decades
(Paerl et al. 2018), or perhaps could be due to recent temperature and climages daname
region (Harley et al. 2006). A greater understanding of the interaction between the biology of
this species and the multiple abiotic factors shaping its distribution, reproduction, and gene flow
in the past and present is therefore needed.

Nakedgobies also demonstrate extensive gene flow between and among populations in
both estuaries, but especially within the Pamlico Riker example, irihe MDS pot of
pairwise «STs(Fig. 3, Pamlico sitesra closettogether spatially thaNeuse sitesThe location
of our sample sites along each river, as well as the topography of the two rivers themselves,
could be influential in differentially affecting gene flow in these rives. Most of our sites were
located on creeks that were tributary to the nsé&m of either river. Although these sites were
all positioned within 1 km of the river, some creeks would be subject to more flushing than

others, while more hydrodynamicaligolated areas would favor greater larval retention. In
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addition, the orientatioof the Pamlico itself is straightdfi¢. 1) and thus may be more
favorable to winedriven dispersal relative to the Neuse, the latter demonstrating an orthogonal
bend between the upper and lower parts of the estuary. In some areas of the Neuséhestuary,
may possibly lend itself to greater larval retention, greater isolation, and potentially more locally
adapted populations. Retention zones have been detected in numerous marine systems and are
highly important to the genetic structure and diversityileiked among populations of organisms
connected by larval dispersal (Palumbi 1994; Pringle & Wares 2007; Pringle et al. 2011). Larval
dispersal is especially important in organisms that are much less mobile (or sessile) as adults
(Sotka et al. 2004). WHalfish tend to be highly mobile during both larval and adult stages, fish
species likes. bosahat are more associated with the benthos and have strict habitat
requirements may be more influenced by retention zones that will influence gene flow and
genetc structure within a region. In future studies, it would be important to map the availability
of preferred settlement habitat in each river to determine how well it corresponds to the observed
distribution of haplotype frequencies among our sample location
The Role of Salinity and Habitat Preference

Fish were collected along a salinity gradient averaging 3 to 14 ppt (averaged across four
time periods in 2017)T@ble ). AlthoughG. bosds a euryhaline species, salinity alone did not
seem to affect the distribution of haplotype frequencies across our sample sites, even though the
greatest abundance of larval naked gobies in plankton tows has been reported from mesohaline
habitats (e.gDawson 1966; Shenker et al. 1983 our study, adult naked gobies were most
abundant in sites ranging from#2 ppt.We therefore expected greater genetic diversity in fish
collected from mesohaline sites because of their relative abundances. Howekesulis (Fig.

5) revealed few significant linear or ntinear trends with salinity (albeit our sampling only
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incorporated a single polyhaline site) with two exceptions: 1) we fosmghdicant positive
relationship between genetic diversity and saflistandard deviation (Fig. 5C), whereby sites

with greater salinity variability possessed greater genetic varialaihty?) we found a

significant positive relationship between the proportion of singleton haplotypes aniy salin
standard deviation (TabIS3).Such an outcome could signify the influence of neutral processes
like the effects of waves and currents as one moves upriver, or potentially mesediae

genetic structure as a result of varying salinBgl{eregara® Sunnucks2001) Alternativdy, it

may signal some kind of salinity adaptation occurring along salinity gradients in both estuaries.
Though COIlI is generally treated as a neutr al
gene), this may not always be the case, particularly \whieed to genes that are under greater
selective pressures (Moritz & Cicero 2004). Thus, differences in genetic variation along a
salinity gradient may suggest an adaptive response (i.e., more variable salinity represents less
stable conditions in a pogtlon); however, a genonveide approach would be necessary to
elucidate this potential influence on genetic variation in this system.

Further, previous studies have recognized the importance of habitat in structuring
populations of5. bos¢ but have also advocated for the major synergistic role that salinity plays
for this fish specied.arvalG. boscapproaching competente-settleare known to congregate
near the downstream edges of oyster reefs, rubbéetificial structures (Breitlng 1989, 1991
1995. Adults are mostly sedentary and require hard substrate (e.g. oyster shell) for the
attachment of egg masses, and it has been proposed that spawning is confined to the downriver
portions of estuaries where this habitat is more commi@sgamann et al. 1963; Shenker et
al.1983). Shenker et al. (1983) reported that the abundance and size dbldwatincreased

with time in the upriver portions of the Patuxent River estuary in Maryland, and they speculated
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that larvae were selectivelysing flood tides to move upriver. Upriver displacement of larvae
offers a low salinity refuge from predation and is common in other estudependent species
like weakfishCynoscio regaligLankford & Targett 1994) and red druatiaenops ocellatus
(Stewart & Scharf 2008)However, the synchronous spawning movement of &lutoscseems
highly unlikely given that the species is cryptic and adapted to a benthic lifestyle GAdadsc
are opportunistic in their choice of spawning substrate, and in lieu of oyster shell will use rubble,
woody debris, or other material like discarded cans (Nero 1976; Lehnert & Allen 2002). Much
like oyster shell, this habitat is often distributed haphdlgaand so population connectivity
would depend on the quality, scale, and proximity of available habitat pa@hessds adept
at using such material, as evidenced by Miller et al. (2014), who extensively sampled a 155 km
portion of the middle St. bms River in Florida averaging 0.2 to 1.2 ppt. Based on the size and
abundance of nearly 50,000 larel bos¢ they unequivocally concluded that adults were
spawning at all of their sample sites and that larvae were not being transported upriver.arhey als
confirmed the presence of spawning adults and larvae in freshwater lakes and tributary streams
of the St. Johns, which accords with our sampling of &8uliosan sites at the freshwater
interface of the Pamlico River (< 0.1 ppt). Altogether, the engddrom prior studies and our
own suggests that gene flow in this species is mediated by multiple biotic and abioticifactors
principally among them the type of epibenthic substrate available as habitat, how the distribution
of this habitat changes witalinity, and the location of suitable habitat relative to worded
circulation patterns.
Biogeography of US. Populations

Biogeographic breaks leading to genetic differentiation have been detected in a number

of marine organisms, aridorth Carolina in particular is positioned at one of the sharpest marine
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thermal boundaries in the worlBiétrafesatal. 1985. As such, it functions as an important
biogeographic break between temperate anersydical regions. However, while we did not see
a clear biogeographic break in Atlantic populations around North Carolina (as there were for the
Gulf of Mexico; see discussion below), no shared haplotypes were detected between North
Carolina and any other regions/subregions in the Atldrdiemonstratig that while there is a
large amount of local gene flow within estuaries, there is much less gene flow at the regional
level. Occasional stochastic weather events like tropical storms (AOML, NOAA 2017) may
move individuals (particularly larvae) beyond tbdscal boundaries, but these movements
appear rare. For example, Ross and Rohde (2004) report just a single record of@nlaxhdt
collected from an offshore scallop bed, and there are occasional reports of juveniles collected off
Beaufort, N.C., loczd close to the Atlantic OceaHildebrand & Cable 1938

In fact, Atlantic populations 0. bosademonstrated less noticeable differentiation
among geographically spaced locations than within the Gulf of Mexico (i.e., Atlantic locations
were separated by fewer sequence changes than were Gulf locations). For example, in the Gulf,
geographic differengition was much more apparent with a considerable break at Apalachicola
Bay, subdividing the Florida panhandle in two (Mila et al. 2017). In the Atlantic, it may be that
the Gulf Stream is playing a role in the greater genetic connectivity (albeit btidigsganally
differentiated) that was detected among Atlantic populations compared to the Gulf of Mexico
populations. The Gulf Stream is known to shape dispersal patterns in many marine fauna. For
example, it is thought to be responsible for the presenCarmibean mesopelagics in the
northern Sargasso Selfin 197h and some western Atlantic groups in the eastern Atlantic
Azores archipelagoAyila et al. 2009. In addition, it also promotes gene flow among such

widely distributed organisms as sea twi@lumenthal et al. 200%nd American and European
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eels Kleckner & McCleave 1982 These organisms all represent pelegpawning species
whose larvae would be subject to letigtance transport, in contrast@®o bos¢ which is an
estuarineresident oganism. If the Gulf Stream does play a substantive role in gene flow among
Atlantic populations o5. bosg this might also help explain the importance of the tip of Florida
representing a major biogeographic break. Off the southern tip of Florida ifotlgafStraits,
the Gulf Stream current flows east and is at its narrowest and strongest (Gula et al. 2015), which
would likely reinforce divergence between Atlantic and Gulf populations at the regional scale.
Status of aNon-native German Population

Very little is known about the nenative population of naked gobies in the Weser
estuary, Germany. Thiel et al. (2012) reported that multiple individuals were collected in a stow
net in 2009 by a commercial fishery vessel at a depth of between 11.0 andildtRisually
deep for this species. Without more information, it is unclear whether the population in Germany
is more widespread or isolated to this particular estuary. Moreover, it is not possible at this point
to determine a likely source location fbid introduction, except that it appears likely to have
come from an Atlantic source (i.e., in our network analysis, two Germany individuals were found
to share haplotypes with an Atlantic Florida and a New York individtigl;6). Given the
distance between these two US Atlantic populations, this may suggest multiple introduction
events from different source populatidna common occurrence among Aaetive species
introduced via ballast water from shipping (eRjakeslee et aR017). The Weser estuary is
located near the border with the Netherlands and serves as an important commercial shipping
hub, which led Thiel et al. (2012) to speculate thabosowvas introduced via ballast water. An
additional introduction has previoydbeen reported from the Orinico Delta in Venezuela

(LasscAlcala et al. 2005), which is also a major international shipping destination. In all
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probability, introduced populations &f. boscar e underreported owing to

and cryptic @ature.
Conclusions

We stand to learn a great deal from studying common fistdikeosahat,
notwithstanding their abundance, remain relatively understudied in the literature. Only recently,
for example, was a comprehensive analysis published on the feeding ecology of this species (e.g.
D6Aguill o et al. 2014) slikewdretanddailpmatterneisferagilg basi ¢
activity. In the future, we intend to continue to address the limited understanding of the basic
biology of this species by resolving questions of adult disgelisgbarticular by studying the
movement patterns a@dultG. bosdhat reside in specific habitat patch€ke distribution of
adults also appears to be related to shoreline exposure, as areas with significant fetch tend to
have fewer naked gobies and a higher relative abundance of other species éitesskill
Gobiesox strumoswmnd striped blennieShasmodes bosquian(gers. obs.)While adultG.
boscare relatively cryptic and do not appear to stray far from complex habitat, this remains an
untested assumption that could potentially inform our understanding of population connectivity
in this species at the estuary level. Further resolution of théigenanectivity among
populations should also include gencleeel markers (i.e. RAE5eq), as it can be difficult to
develop a detailed understanding of the magnitude of gene flow at smaller scales using only
frequencybased approaches (Waples 1998; Hetiii2009). Even so, our study provides an
initial understanding of the importance of investigating genetic diversity and population structure

at local and regional scales.
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Fig 1. Map of study system. Within the eastern part of North Carolina (USé)iosoma bosc

were collected from 5 sites on the Pamlico Rivet@3pt), and 5 sites along the Neuse river (3

15 ppt), as well as a single site from Bogue Sound (30 ppt), which feeds into the Pamlico Sound.
Haplotype frequencies are shown for sites along the Pa(@8€ = Goose Creek; MLC =

Mal |l ard Creek; NCL = North Creek Landing; WRC
Fi sherds Landing; CQC = Cahooque Creek; MTP =
= Cedar Island), and Bogue Sound (HPC = Hoop Pole Cr€ekyed pie pieces represent

shared haplotypes within North Carolina, and black pie pieces represent the collective proportion

of singleton haplotypes per population (see Table 1 and Table S1 for more information).
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Fig. 2 Haplotype network North Caplina. Subregions includeNlC-P (Pamlico), NC_N
(Neuse), NC_B (Bogue Sound). The size of the circle is representative of the number of
occurrences foeachhaplotype(see key in upper left)
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Fig. 3.MDS Plot of North Carolina PopulationBairwise ST data were analyzed using a

resemblance matrix and plotted using nMDS. Points closer together are more similar in their
haplotype frequencies than those more distant. Fish sampled from sites along the Pamlico River
appear as triangles (GSC, MLC, NCL, WR@&nd fish sampled from the Neuse appear as circles

(FSL, CQC, MTP, POC). Fish from Bogue Sound appear as a square (HPC).
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and estimator curves of haplotypes in the two North Carolina estuaries, scaled by the number of
individuals. The lower graph extrapolates an asymptote based purttieer of unique

haplotypes sampled from fish within each estuary.
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Fig. 5 Salinity with Genetic Diversitand Slinity with Proportion of Singleton Haplotypes.

Dark blue diamonds = Pamlicaght bluecircles = Neuse. Salinity was averagemloss 4 time
intervals and regresse&dth (A) genetic diversity and (B) proportion of singletoaplotypes

Salinity standard deviations are also plotted for genetic diversity (C) and proportion of singleton
haplotypes (D).
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Fig. 6. Haplotype Netwrk of Atlantic and Gulf of Mexico PopulationSubregions included the
following: MIDATL (Mid Atlantic, including New York and Virginia)NC_P (NC Pamlico),
NC_N (NC Neuse), NC_B (NC Bogue)Cc$South Caroling FLA (Atlantic Florida, including
Jacksonvie (JAFL) and Indian River (IRFLELG (Gulf Florida including Cedar Key (CKFL)
and Tampa Bay (TBFI,) FLP (Florida panhandle, includirgpalachicola(APFL) and Destin
(DEFL)), GOM (Gulf of Mexico,including Empire, Louisiana (EMLA), Ocean Springs,
Mississippi (OSMS), and Galveston, Texas (GAJT)9NdGERM (Weser EstuaryiGermany).
This figure represents an inciderAzased TCS network analysis of all haplotypes and their
connections throughout the sampled region in the Atlantic and Gulf of Mexico. Mtich déta
comes from Mila et al. (2017) (acquired from Genbank) and also our recent data from North
Carolina estuaries.



Tables

Table 1. List of site names and abbreviations, locations, average salgalieisy classification, number of haplotypes per population,
populationlevel genetic diversity, and the proportion of singleton haplotypes (out of all detected haplotypes) per population.
Populationlevel genetic diversity was not calculated for HPC.

Mean Standard Number
Salinity  Deviation Salinity of Total Number Expected#  # samples to Genetic  Proportion of Singleton

Ste Site Name Location (ppt) Salinity Classification Samples of Haplotypes haplotypes reach asymptote Diversity Haplotypes
Goose Creek, 22.53

GSC  Washington, NC  Pamlico 3.08 1.97 low 34 8 (+2.36) 550 0.46 0.50
Mallard Creek, 9.65

MLC Washington, NC  Pamlico 3.62 1.76 low 19 5 (+1.33) 65 0.39 0.40
North Creek
Landing, 13.40

NCL Belhaven, NC Pamlico 8.21 1.45 medium 21 6 (+1.23) 80 0.43 0.50
Wright's Creek, 2.44

WRC  Belhaven, NC Pamlico 9.55 0.93 medium 14 2 (+0.14) 15 0.14 0.00
Fisher's Landing, 2.57

FSL New Bern, NC Neuse 2.91 1.78 low 7 2 (+0.14) 8 0.29 0.50
Cahooque
Creek, Havelock, 29.94

CQC NC Neuse 3.64 3.03 low 15 8 (+2.91) 365 0.76 0.75
Matthew's Point
Marina, 9.62

MTP Havelock, NC Neuse 10.33 4.15 medium 16 5 (+1.27) 55 0.45 0.60
Pin Oak Court, 4.36

POC  Merrimon, NC Neuse 9.65 4.17 medium 4 3 (+0.21) 12 0.83 0.33
Cedar Island, 13.61

CDI NC Neuse 14.21 4.09 medium 17 6 (+1.70) 70 0.51 0.50
Hoop Pole
Creek, Atlantic Bogue 3.57

HPC Beach, NC Sound 30 n/a high 8 3 (+0.12) 30 n/a 0.33
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Supplementary Tables
Table S1. Haplotype data aBdNA sequence

In the table below, the first column represents the haplotype number (the actual sequence
information for each haplotype follows this table). Colum¥i2epresent newlgollected raw

data from populations in North Carolina. These include the abundance of a particular haplotype
per site. Columns 112 represent data extracted from Genbank that were part of Van Tassell et
al. (2015). Columns 1233 represent incidence dataracted from Genbank that were part of

Mila et al. (2017). Below the table are the individual sequences for each of the 88 haplotypes
represented in the table.
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HAP1  ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGGGGCTTTGGGAACTGGCTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TGAACAACATGAGCTTCTGGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACA
GGGTGGACTGTCTACCCCCCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCT
CGCCGGGATCTCTTCCATTCTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAA
ACGCCCCTCTTCGTATGGGCCGTTCTTATTACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATG
CTACTTACAGACC

HAP2  ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TGAACAACATGAGCTTCTGGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACA
GGGTGGACTGTCTACCCCCCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCT
CGCCGGGATCTCTTCCATTCTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAA
ACGCCCCTCTTCGTATGGGCCGTTCTTATTACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATG
CTACTTACAGACC

HAP3  ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
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TGAACAACATGAGCTTCTGGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACA
GGGTGGACTGTCTACCCACCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCT
CGCCGGGATCTCTTCCATTCTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAA
ACGCCCCTCTTCGTATGGGCCGTTCTTATTACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATG
CTACTTACAGACC

HAP4  ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATTACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP5  ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP6  ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGAAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP7  ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGAGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP8  ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTAC-GACC

HAP9  ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCCCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP10 ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCTTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGGCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP11 ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCTGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP12 ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACACCCCTCTTCGTATGGG
CCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP13 ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
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TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATCGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTC
TGGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCC
ACCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCAT
TCTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP14 ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGTTTCT
GGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP15 ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATAGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP16 ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCCTGCTTCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP17 ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTCACAGACC

HAP18 ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGTGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP19 ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTACCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP20 ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATTTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP21 ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP22 ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGATGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP23 ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
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TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCGCCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP24 ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTCCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP25 ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAAGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCTGGCATCACCATGCTACTTACAGACC

HAP26 ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAAGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP27 ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCCCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP28 ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCCGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCCCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP29 ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAACCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGGG
CCGTTCTTATCACAGCCGTTCTCCTCCTTCCCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP30 ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCCGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCCCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP31 ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGTTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GACTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCCCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP32 ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GACTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCA
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP33 ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
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TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCC
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCCCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP34 ATCCGCGCGGAGGCTCAGCCAGCCCGGCG-
ACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTATAGTAATACCAATTATGA
TTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAATGAACAACATGAGCTTCT
GGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACAGGGTGGACTGTCTACCCC
CCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTCGCCGGGATCTCTTCCATT
CTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAACGCCCCTCTTCGTATGG
GCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCTACTTACAGACC

HAP35 ATCCGCGCGGAG-
CTCAGCCAGCCCGGCGCACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGGGGCTTTGGGAACTGACTAATTCCTTTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TGAACAACATGAGCTTCTGGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACA
GGGTGGACTGTCTACCCACCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCT
CGCCGGGATCTCTTCCATTCTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAA
ACGCCCCTCTTCGTATGGGCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATG
CTACTTACAGACC

HAP36 ATCCGCGCGGAG-
CTCAGCCAGCCCGGCGCACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TGAACAACATGAGCTTCTGGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACA
GGGTGGACTGTCTACCCACCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCT
CGCCGGGATCTCTTCCATTCTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCACTATCTCGCAGTATCAA
ACGCCCCTCTTCGTATGGGCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATG
CTACTTACAGACC

HAP37 ATCCGCGCGGAG-
CTCAGCCAGCCCGGCGCACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TGAACAACATGAGCTTCTGGCTTTTGCCCCCCTCATTCCTGCTCCTCCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACA
GGGTGGACTGTCTACCCACCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCT
CGCCGGGATCTCTTCCATTCTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAA
ACGCCCCTCTTCGTATGGGCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATG
CTACTTACAGACC

HAP38 ATCCGCGCGGAG-
CTCAGCCAGCCCGGCGCACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TGAACAACATGAGCTTCTGGCTTTTGCCCCCCTCATTCCTGCTTCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACA
GGGTGGACTGTCTACCCACCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCT
CGCCGGGATCTCTTCCATTCTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAA
ACGCCCCTCTTCGTATGGGCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATG
CTACTTACAGACC

HAP39 ATCCGCGCGGAG-
CTCAGCCAGCCCGGCGCACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TGAACAACATGAGCTTCTGGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACA
GGGTGGACTGTCTACCCACCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCT
CGCCGGGATTTCTTCCATTCTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAA
ACGCCCCTCTTCGTATGGGCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATG
CTACTTACAGACC

HAP40 ATCCGCGCGGAG-
CTCAGCCAGCCCGGCGCACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TGAACAACATGAGCTTCTGACTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACA
GGGTGGACTGTCTACCCACCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCT
CGCCGGGATCTCTTCCATTCTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAA
ACGCCCCTCTTCGTATGGGCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATG
CTACTTACAGACC

HAP41 ATCCGCGCGGAG-
CTCAGCCAGCCCGGCGCACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TGAACAACATGAGCTTCTGGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACA
GGGTGGACTGTCTACCCACCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCT
CGCCGGGATCTCTTCCATTCTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAA
ACGCCCCTCTTCGTATGGGCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATG
CTACTTACAGACC

HAP42 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTA
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TAGTAATACCAATTATGATTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TGAACAACATGAGCTTCTGGCTTCTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACA
GGATGGACTGTCTACCCACCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATTTCTTCCATTCTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAA
CGCCCCTCTTCGTATGGGCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGC
TACTTACAGACC

HAP43 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TGAACAACATGAGCTTCTGGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACA
GGATGGACTGTCTACCCACCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATTTCTTCCATTCTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAAA
CGCCCCTCTTCGTATGGGCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATGC
TACTTACAGACC

HAP44  ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TGAACAACATGAGCTTCTGGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACA
GGGTGGACTGTCTACCCACCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCT
CGCCGGGATTTCTTCCATTCTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAA
ACGCCCCTCTTCGTATGGGCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACTATG
CTACTTACAGACC

HAP45 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TGAACAACATGAGCTTCTGGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACA
GGGTGGACTGTCTACCCACCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCT
CGCCGGGATTTCTTCCATTCTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCCATCTCGCAGTATCAA
ACGCCCCTCTTCGTATGGGCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATG
CTACTTACAGACC

HAP46 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TGAACAACATGAGCTTCTGGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACA
GGGTGGACTGTCTACCCACCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCT
CGCCGGGATTTCTTCCATTCTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAA
ACGCCCCTCTTCGTTTGGGCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATG
CTACTTACAGACC

HAP47 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TGAACAACATGAGCTTCTGGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACA
GGGTGGACTGTCTACCCGCCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCT
CGCCGGGATTTCTTCCATTCTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAA
ACGCCCCTCTTCGTATGGGCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATG
CTACTTACAGACC

HAP48 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TGAACAACATGAGCTTCTGGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACA
GGGTGGACTGTCTACCCACCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCT
CGCCGGGATTTCTTCCATTCTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAA
ACGCCCCTCTTCGTATGGGCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATG
CTACTTACAGACC

HAP49 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TGAACAACATGAGCTTCTGGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACA
GGGTGGACTGTCTACCCACCGTTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCT
CGCCGGGATCTCTTCCATTCTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAA
ACGCCCCTCTTCGTATGGGCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATG
CTACTTACAGACC

HAP50 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TGAACAACATGAGCTTCTGGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACA
GGGTGGACTGTCTACCCACCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCT
CGCCGGGATCTCTTCCATTCTTGGTGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAA
ACGCCCCTCTTCGTATGGGCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATG
CTACTTACAGACC
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HAP51 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGGGACGACCAGATTTATAACGTAATTGTCACTGCCCACGCCTTTGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGGGGCTTTGGGAACTGACTAATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TGAACAACATGAGCTTCTGGCTTTTGCCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCGGGCGTTGAGGCTGGGGCTGGGACA
GGGTGGACTGTCTACCCACCATTGGCAGGAAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCT
CGCCGGGATCTCTTCCATTCTTGGCGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTATCTCGCAGTATCAA
ACGCCCCTCTTCGTATGGGCCGTTCTTATCACAGCCGTTCTCCTCCTTCTCTCACTGCCCGTCCTCGCCGCCGGCATCACCATG
CTACTTACAGACC

HAP52 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGGGATGACCAGATTTATAACGTAATTGTTACTGCTCATGCCTTCGTAATAATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGTTTTGGGAACTGACTGATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TAAATAACATAAGCTTCTGGCTTTTACCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCAGGCGTTGAAGCTGGGGCCGGAACAG
GGTGAACTGTCTACCCCCCACTAGCAGGCAACCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATTTTTTCTCTCCACCTCG
CTGGGATCTCTTCCATTCTTGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCGCCCGCTGTCTCGCAGTATCAAAC
GCCCCTCTTCGTATGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCT
ACTCACAGACC

HAP53 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGGGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATAATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGTTTTGGGAACTGACTGATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TAAATAACATAAGCTTCTGGCTTTTACCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCAGGCGTTGAAGCTGGGGCCGGAACAG
GGTGAACTGTCTACCCCCCACTAGCAGGCAACCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATTTTTTCTCTCCACCTCG
CTGGGGTCTCTTCCATTCTTGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCGCCCGCTGTCTCGCAGTATCAAA
CGCCCCTCTTCGTATGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCATGC
TACTCACAGACC

HAP54 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGGGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATAATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGTTTTGGGAACTGACTGATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TAAATAACATAAGCTTCTGGCTTTTACCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCAGGCGTTGAAGCTGGGGCCGGAACAG
GGTGAACTGTCTACCCCCCACTAGCAGGCAACCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATTTTTTCTCTCCACCTCG
CTGGGATCTCTTCCATTCTTGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCGCCCGCTGTCTCGCAGTATCAAAC
GCCCCTCTTCGTATGGGCCGTCCTTATCACAGCTGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCT
ACTCACAGACC

HAP55 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGGGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATAATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGTTTTGGGAACTGACTGATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TAAATAACATAAGCTTCTGGCTTTTACCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCAGGCGTTGAAGCTGGGGCCGGAACAG
GGTGAACTGTCTACCCCCCACTAGCAGGCAACCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATTTTTTCTCTCCACCTCG
CTGGGATCTCTTCCATTCTTGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCGCCCGCTGTCTCGCAGTATCAAAC
GCCCCTCTTCGTATGGGCCGTCCTTATCACAGCCGTCCTTCTCCTCCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCT
ACTCACAGACC

HAP56 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGGGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATAATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGTTTTGGGAACTGACTGATTCCCCTAATGATTGGGGCCCCAGACATGGCCTTCCCCCGAA
TAAATAACATAAGCTTCTGGCTTTTACCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCAGGCGTTGAAGCTGGGGCCGGAACAG
GGTGAACTGTCTACCCCCCACTAGCAGGCAACCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATTTTTTCTCTCCACCTCG
CTGGGATCTCTTCCATTCTTGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCGCCCGCTGTCTCGCAGTATCAAAC
GCCCCTCTTCGTATGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCT
ACTCACAGACC

HAP57 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGGGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATAATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGTTTTGGGAACTGACTGATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TAAATAACATAAGCTTCTGGCTTTTACCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCAGGCGTTGAAGCTGGGGCCGGAACAG
GGTGAACTGTCTACCCCCCACTAGCAGGCAACCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATTTTTTCTCTCCACCTCG
CTGGGATCTCTTCCATTCTTGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCGCCCGCTGTCTCGCAGTATCAAAC
GCCCCTCTTCGTATGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCT
ACTCACAGACC

HAP58 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGGGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATAATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGTTTTGGGAACTGACTGATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TAAATAACATAAGCTTCTGGCTTTTACCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCAGGCGTTGAAGCTGGGGCCGGAACAG
GGTGAACTGTCTACCCCCCACTAGCAGGCAACCTCGCCCACGCAGGCGCATCTGTCGACCTAACAATTTTTTCTCTCCACCTCG
CTGGGATCTCTTCCATTCTTGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCGCCCGCTGTCTCGCAGTATCAAAC
GCCCCTCTTCGTATGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCT
ACTCACAGACC

HAP59 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGGGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATAATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGTTTTGGGAACTGACTGATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TAAATAACATAAGCTTCTGGCTTTTACCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCAGGCGTTGAAGCTGGGGCCGGAACAG
GGTGAACTGTCTACCCCCCACTAGCAGGCAACCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATTTTTTCTCTCCACCTCG
CTGGGATCTCTTCCATTCTTGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCGCCCGCTGTCTCGCAGTATCAAAC
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GCCCCTCTTCGTATGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCT
ACTCACAGACC

HAPG60 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGGGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATAATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGTTTTGGGAACTGACTGATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TAAATAACATAAGCTTCTGGCTTTTACCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCAGGCGTTGAAGCTGGGGCCGGAACAG
GGTGAACTGTCTACCCCCCACTAGCAGGCAACCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATTTTTTCTCTCCACCTCG
CTGGGATCTCTTCCATTCTTGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCACCCGCTGTCTCGCAGTATCAAAC
GCCCCTCTTCGTATGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCT
ACTCACAGACC

HAP61 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGGGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATAATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGTTTTGGGAACTGACTGATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TAAATAACATAAGCTTCTGGCTTTTACCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCAGGCGTTGAAGCTGGGGCCGGAACAG
GGTGAACTGTCTACCCCCCACTAGCAGGCAACCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATTTTTTCTCTCCACCTCG
CTGGGATCTCTTCCATTCTTGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCGCCCGCTGTCTCGCAGTATCAAAC
GCCCCTCTTCGTATGGGCCGTCCTTATCACAGCCGTCCTCCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCT
ACTCACAGACC

HAP62 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGGGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATAATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGTTTTGGGAACTGACTGATTCCCCTAATGATTGGGGCCCCCGACATGGCCTTCCCCCGAA
TAAATAACATAAGCTTCTGGCTTTTACCCCCCTCATTCCTGCTCCTTCTCGCCTCTTCAGGCGTTGAAGCTGGGGCCGGAACAG
GGTGAACTGTCTACCCCCCACTAGCAGGCAACCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATTTTTTCTCTCCACCTCG
CCGGGATCTCTTCCATTCTTGGAGCCATTAACTTTATCACCACAATCCTAAACATGAAGCCGCCCGCTGTCTCGCAGTATCAAAC
GCCCCTCTTCGTATGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCATGCT
ACTCACAGACC

HAP63 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGGTTTGGGAACTGACTGGTTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TGAATAACATGAGCTTCTGGCTTTTACCCCCCTCATTCCTGCTCCTCCTCGCCTCTTCAGGCGTTGAAGCTGGGGCTGGGACAG
GGTGGACCGTCTACCCCCCACTGGCAGGCAATCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGGGCCATTAACTTTATCACCACAATCCTAAACATAAAACCGCCCGCTGTCTCGCAGTATCAA
ACGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCAT
GCTACTTACAGACC

HAP64 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGGTTTGGGAACTGACTGGTTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TGAATAACATGAGCTTCTGGCTTTTACCCCCCTCATTCCTGCTCCTCCTCGCCTCTTCAGGCGTTGAAGCTGGGGCTGGGACAG
GGTGGACCGTCTACCCCCCACTGGCAGGCAATCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAACCGCCCGCTGTCTCGCAGTATCAA
ACGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCAT
GTTACTTACAGACC

HAPG65 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGATGACCAGATTTATAATGTAATTGTTACTGCTCACGCCTTCGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGGTTTGGGAACTGACTGGTTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TGAATAACATGAGCTTCTGGCTTTTACCCCCCTCATTCCTGCTCCTCCTCGCCTCTTCAGGCGTTGAAGCTGGGGCTGGGACAG
GGTGGACCGTCTACCCCCCACTGGCAGGCAATCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAACCGCCCGCTGTCTCGCAGTATCAA
ACGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCAT
GCTACTTACAGACC

HAP66 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGGTTTGGGAACTGACTGGTTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TGAATAACATGAGCTTCTGGCTTTTACCCCCCTCATTCCTGCTCCTCCTCGCCTCTTCAGGCGTTGAAGCTGGGGCTGGGACAG
GGTGGACCGTCTACCCCCCACTGGCAGGCAATCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAACCGCCCGCTGTCTCGCAGTATCAA
ACGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCAT
GCTACTTACAGACC

HAP67 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGGTTTGGGAACTGACTGGTTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TGAATAACATGAGCTTCTGGCTTTTACCCCCCTCATTCCTGCTCCTCCTCGCCTCTTCAGGCGTTGAAGCTGGGGCTGGGACAG
GGTGGACCGTCTACCCCCCACTGGCAGGCAATCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGAGCCATTAACTTTATCACCACAATCCTAAACATGAAACCGCCCGCTGTCTCGCAGTATCAA
ACGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCAT
GCTACTTACAGACC

HAP68 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGGTTTGGGAACTGACTGATTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TGAATAACATGAGCTTCTGGCTTTTACCCCCCTCATTCCTGCTCCTCCTCGCCTCTTCAGGCGTTGAAGCTGGGGCTGGGACAG
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GGTGAACCGTCTACCCCCCACTGGCAGGCAATCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAACCGCCCGCTGTCTCGCAGTATCAA
ACGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCAT
GCTACTTACAGACC

HAPG69 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGGTTTGGGAACTGACTGATTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TGAATAACATGAGCTTCTGGCTTTTACCCCCCTCATTCCTGCTCCTCCTCGCCTCTTCAGGCGTTGAAGCTGGGGCTGGGACAG
GGTGGACCGTCTACCCCCCACTGGCAGGCAATCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAACCGCCCGCTGTCTCGCAGTATCAA
ACGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCAT
GCTACTTACAGACC

HAP70 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGGTTTGGGAACTGACTGATTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TGAATAACATGAGCTTCTGGCTTTTACCCCCCTCATTCCTGCTCCTCCTCGCCTCTTCAGGCGTTGAAGCTGGGGCTGGGACAG
GGTGGACCGTCTACCCCCCACTGGCAGGCAATCTAGCCCACGCAGGCGCATCTGTCGACCTGACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGGGCCATTAACTTTATCACCACTATCCTAAACATGAAACCGCCCGCTGTCTCGCAGTATCAA
ACGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCAT
GCTACTTACAGACC

HAP71 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGGTTTGGGAACTGACTGATTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TGAATAACATGAGCTTCTGGCTTTTGCCCCCCTCATTCCTGCTCCTCCTCGCCTCTTCAGGCGTTGAAGCTGGGGCTGGGACAG
GGTGGACCGTCTACCCCCCACTGGCAGGCAATCTAGCCCACGCAGGCGCATCTGTCGACCTGACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGGGCCATTAACTTTATCACCACTATCCTAAACATGAAACCGCCCGCTGTCTCGCAGTATCAA
ACGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCAT
GCTACTTACAGACC

HAP72 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGGTTTGGGAACTGACTGATTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TGAATAACATGAGCTTCTGGCTTTTGCCCCCATCATTCCTGCTCCTCCTCGCCTCTTCAGGCGTTGAAGCTGGGGCTGGGACAG
GGTGGACCGTCTACCCCCCACTGGCAGGCAATCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAACCGCCCGCTGTATCGCAGTATCAG
ACGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCAT
GCTACTTACAGACC

HAP73 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGGTTTGGGAACTGACTGATTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TGAATAACATGAGCTTCTGGCTTTTGCCCCCATCATTCCTGCTCCTCCTCGCCTCTTCAGGCGTTGAAGCTGGGGCTGGGACAG
GGTGGACCGTCTACCCCCCACTGGCAGGCAATCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGGGCCATTAACTTTATCACCACAATTCTAAACATGAAACCGCCCGCTGTATCGCAGTATCAAA
CGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCATG
CTACTTACAGACC

HAP74 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGGTTTGGGAACTGACTGATTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TGAATAACATGAGCTTCTGGCTTTTGCCCCCATCATTCCTGCTCCTCCTCGCCTCTTCAGGCGTTGAAGCTGGGGCTGGGACAG
GGTGGACCGTCTACCCCCCACTGGCAGGCAATCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGGGCCATTAACTTTATTACCACAATCCTAAACATGAAACCGCCCGCTGTATCGCAGTATCAAA
CGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCATG
CTACTTACAGACC

HAP75 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGGTTTGGGAACTGACTGATTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TGAATAACATGAGCTTCTGGCTTTTGCCCCCATCATTCCTGCTCCTCCTCGCCTCTTCAGGTGTTGAAGCTGGGGCTGGGACAG
GGTGGACCGTCTACCCCCCACTGGCAGGCAATCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAACCGCCCGCTGTATCGCAGTATCAA
ACGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCAT
GCTACTTACAGACC

HAP76 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGGTTTGGGAACTGACTGATTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TGAATAACATGAGCTTCTGGCTTTTGCCCCCATCATTCCTGCTCCTCCTCGCCTCTTCAGGCGTTGAAGCTGGGGCTGGGACAG
GGTGGACCGTCTACCCCCCACTGGCGGGCAATCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAACCGCCCGCTGTATCGCAGTATCAA
ACGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCAT
GCTACTTACAGACC

HAP77 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATGATTTTCTTTA
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TAGTAATACCAATTATGATTGGAGGGTTTGGAAACTGACTGATTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TGAATAACATGAGCTTCTGGCTTTTGCCCCCATCATTCCTGCTCCTCCTCGCCTCTTCAGGCGTTGAAGCTGGGGCTGGGACAG
GGTGGACCGTCTACCCCCCACTGGCAGGCAATCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAACCGCCCGCTGTATCGCAGTATCAA
ACGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCAT
GCTACTTACAGACC

HAP78 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGGTTTGGGAACTGACTGATTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TGAATAACATGAGCTTCTGGCTTTTGCCCCCATCATTCCTGCTCCTCCTCGCCTCTTCAGGCGTTGAAGCTGGGGCTGGGACAG
GGTGGACCGTCTACCCCCCACTGGCAGGCAATCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAACCGCCCGCTGTATCGCAGTATCAA
ACGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCAT
GCTACTTACAGACC

HAP79 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGACGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGGTTTGGGAACTGACTGATTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TGAATAACATGAGCTTCTGGCTTTTGCCCCCATCATTCCTGCTCCTCCTCGCCTCTTCAGGCGTTGAAGCTGGGGCTGGGACAG
GGTGGACCGTCTACCCCCCACTGGCAGGCAATCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAACCGCCCGCTGTATCGCAGTATCAA
ACGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCAT
GCTACTTACAGACC

HAP80 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATAATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGGTTTGGGAACTGACTGATTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TGAATAACATGAGCTTCTGGCTTTTGCCCCCATCATTCCTGCTCCTCCTCGCCTCTTCAGGCGTTGAAGCTGGGGCTGGGACAG
GGTGGACCGTCTACCCCCCACTGGCAGGCAATCTAGCCCACGCAGGTGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAACCGCCCGCTGTCTCGCAGTATCAA
ACGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCAT
GCTACTTACAGACC

HAP81 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATAATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGGTTTGGGAACTGACTGATTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TAAATAACATGAGCTTCTGGCTTTTGCCCCCATCATTCCTGCTCCTCCTCGCCTCTTCAGGCGTTGAAGCTGGGGCTGGGACAG
GGTGGACCGTCTACCCCCCACTGGCAGGCAATCTAGCCCACGCAGGTGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAACCGCCCGCTGTCTCGCAGTATCAA
ACGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCAT
GCTACTTACAGACC

HAP82 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATAATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGGTTTGGGAACTGACTGATTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TGAATAACATGAGCTTCTGGCTTTTGCCCCCCTCATTCCTGCTCCTCCTCGCCTCTTCAGGCGTTGAAGCTGGGGCTGGGACAG
GGTGGACCGTCTACCCCCCACTGGCAGGCAATCTAGCCCACGCAGGTGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAACCGCCCGCTGTCTCGCAGTATCAA
ACGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCAT
GCTACTTACAGACC

HAP83 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATAATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGGTTTGGGAACTGGCTGATTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TGAATAACATGAGCTTCTGGCTTTTGCCCCCATCATTCCTGCTCCTCCTCGCCTCTTCAGGCGTTGAAGCTGGGGCTGGGACAG
GGTGGACCGTCTACCCCCCACTGGCAGGCAATCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAACCGCCCGCTGTCTCGCAGTATCAA
ACGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCAT
GCTACTTACAGACC

HAP84 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATAATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGGTTTGGGAACTGACTGATTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TGAATAACATGAGCTTCTGGCTTTTGCCCCCATCATTCCTGCTCCTCCTCGCCTCTTCAGGCGTTGAAGCTGGGGCTGGGACAG
GGTGGACCGTCTACCCCCCACTGGCAGGCAATCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAACCGCCCGCTGTCTCGCAGTATCAA
ACGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCAT
GCTACTTACAGACC

HAP85 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATAATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGGTTTGGGAACTGACTGATTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TGAATAACATGAGCTTCTGGCTTTTGCCCCCATCATTCCTGCTCCTCCTCGCCTCTTCAGGCGTTGAAGCTGGGGCTGGGACAG
GGTGGACCGTCTACCCCCCACTGGCAGGCAATCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGGGCCATTAATTTTATCACCACAATCCTAAACATGAAACCGCCCGCTGTCTCGCAGTATCAA
ACGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCAT
GCTACTTACAGACC
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HAP86 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATAATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGGTTTGGGAACTGACTGATTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TGAATAACATGAGCTTCTGGCTTTTGCCCCCATCATTCCTGCTCCTCCTCGCCTCTTCAGGCGTTGAAGCTGGGGCTGGGACAG
GGTGGACCGTCTACCCCCCACTGGCAGGCAATCTGGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAACCGCCCGCTGTCTCGCAGTATCAA
ACGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCAT
GCTACTTACAGACC

HAP87 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGGTTTGGGAACTGACTGATTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TGAATAACATGAGCTTCTGGCTTTTGCCCCCATCATTCCTGCTCCTCCTCGCCTCTTCAGGCGTTGAAGCTGGGGCTGGGACAG
GGTGGACCGTCTACCCCCCACTGGCAGGCAATCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAACCGCCCGCTGTCTCGCAGTATCAA
ACGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCCGCCGGCATCACCAT
GCTACTTACAGACC

HAP88 ATCCGCGCGGAA-
CTCAGCCAGCCCGGCGCACTACTTGGAGATGACCAGATTTATAACGTAATTGTTACTGCTCACGCCTTCGTAATGATTTTCTTTA
TAGTAATACCAATTATGATTGGAGGGTTTGGGAACTGACTGATTCCTCTAATGATTGGGGCCCCCGACATGGCCTTCCCACGAA
TGAATAACATGAGCTTCTGGCTTTTGCCCCCATCATTCCTGCTCCTCCTCGCCTCTTCAGGCGTTGAAGCTGGGGCTGGGACAG
GGTGGACCGTCTACCCCCCACTGGCAGGCAATCTAGCCCACGCAGGCGCATCTGTCGACCTAACAATCTTTTCTCTCCACCTC
GCCGGGATCTCTTCCATTCTCGGGGCCATTAACTTTATCACCACAATCCTAAACATGAAACCGCCCGCTGTCTCGCAGTATCAA
ACGCCCCTCTTCGTGTGGGCCGTCCTTATCACAGCCGTCCTTCTCCTTCTTTCACTGCCCGTCCTCGCGGCCGGCATCACCAT
GCTACTTACAGACC
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Table S2. Pairwise FST values.

GSC
MLC

NCL
WRC

FSL
CcQC

MTP
POC
CDI

HPC
GULF
GERM

GSC
0
0.00927

0.00334
0.00797

-0.0161
0.02474

0.00506
0.00875
0.01005

0.05418
0.62101
0.87808

MLC

0
0.00032
0.03473

-0.0167
0.07242

0.00059
0.1062
0.00396

0.18767
0.72604
0.85445

NCL

0
-0.012

0.02228
0.04755

0.00179
0.05469
0.01223

0.13095
0.69638
0.85855

WRC

0

0.02778
0.067

0.00403
0.21127
0.00587

0.25396
0.89472
0.84423

FSL

0
0.01743

0.01087
0.07508
0.02402

0.15569
0.83768
0.74778

CQC MTP POC CDI HPC GULF

0
0.06667 0
-0.1131 0.11432 0
0.03491 0.01079 0.0033-8 0
-0.035 0.19251 0.0836-7 0.07985 0
0.47105 0.75498 0.66667 0.57618 0.65692 0

0.78472 0.84228 0.64052 0.81896 0.74536 0.63704
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Table S3. Regressions with salinity.

Analysis R? p
Genetic diversity & Averagsalinity (linear, ALL DATA) 0.004 0.873
Genetic diversity & Average salinity (linear, NEUSE) 0.010 0.870
Genetic diversity & Average salinity (linear, PAMLICO) 0.477 0.309
Genetic diversity & Average salinity (polynomial (2), ALL DATA) 0.004 0.987
Genetic diversity & Average salinity (polynomial (2), NEUSE) 0.203 0.796
Genetic diversity & Average salinity (polynomial (2), PAMLICO) 0.817 0.428
Genetic diversity & Average salinity (polynomial (3), ALL DATA) 0.049 0.965
Genetic diversity & Averagsalinity (polynomial (3), NEUSE) 0.897 0.401
Genetic diversity & Average salinity (polynomial (3), PAMLICO) n/a n/a
Genetic diversity & Salinity standard deviation (linear, ALL DATA) 0.499 0.034
Genetic diversity & Salinity standard deviation (linddEUSE) 0.244  0.398
Genetic diversity & Salinity standard deviation (linear, PAMLICO) 0.798 0.107
Genetic diversity & Salinity standard deviation (polynomial (2), ALL DATA) 0.639 0.047
Genetic diversity & Salinity standard deviation (polynomial MEUSE) 0.548 0.453
Genetic diversity & Salinity standard deviation (polynomial (2), PAMLICO) 0.918 0.286
Genetic diversity & Salinity standard deviation (polynomial (3), ALL DATA) 0.662 0.118
Genetic diversity & Salinity standard deviation (polynonigll NEUSE) 0.723 0.631
Genetic diversity & Salinity standard deviation (polynomial (3), PAMLICO) n/a n/a
Proportion singletons & Average salinity (linear, ALL DATA) 0.07 0.49
Proportion singletons & Average salinity (linear, NEUSE) 0.157 0.509
Proportion singletons & Average salinity (linear, PAMLICO) 0.401 0.367
Proportion singletons & Average salinity (polynomial (2), ALL DATA) 0.185 0.542
Proportion singletons & Average salinity (polynomial (2), NEUSE) 0.199 0.801
Proportion singletons & ¥erage salinity (polynomial (2), PAMLICO) 0.824 0.420
Proportion singletons & Average salinity (polynomial (3), ALL DATA) 0.210 0.732
Proportion singletons & Average salinity (polynomial (3), NEUSE) 0.352 0.899
Proportion singletons & Average saliniggolynomial (3), PAMLICO) n/a n/a
Proportion singletons & Salinity standard deviation (linear, ALL DATA) 0.187 0.248
Proportion singletons & Salinity standard deviation (linear, NEUSE) 0.058 0.697
Proportion singletons & Salinity standard deviatjtimear, PAMLICO) 0.724 0.147
Proportion singletons & Salinity standard deviation (polynomial (2), ALL DATA) 0.792 0.009
Proportion singletons & Salinity standard deviation (polynomial (2), NEUSE) 0.647 0.354
Proportion singletons & Salinity standatdviation (polynomial (2), PAMLICO) 0.909 0.302
Proportion singletons & Salinity standard deviation (polynomial (3), ALL DATA) 0.793 0.037
Proportion singletons & Salinity standard deviation (polynomial (3), NEUSE) 0.672 0.688
Proportion singletons & $aity standard deviation (polynomial (3), PAMLICO) n/a n/a
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Chapter 2: Trophically transmitted parasites as et@ssn surrogates of
biodiversity in coastal shoreline environments

Abstract

Coastal shorelines avellnerable to erosion and storm surge, natural processes that are
exacerbated by anthropogenicaiiyluced climate change and sea level rise. In response,
managers are increasingly incorporatingnatbu@es ed sol uti ons | i ke #Alivi
natural habitat protection as part of a broader strategy of coastal defense. In addition to their
protective benefits, living shorelines also support and enhance biodiversity relative to shorelines
that use artificial structures like bulkheads or seawRltitine monitoring is crucial for
evaluating the longerm performance of all forms of coastal infrastructure, although monitoring
can often prove extensive and thoensuming. We conducted a survey of biodiversity in both
natural and artificial shorelirenvironments using digenetic trematode parasites as proxies for
the presence and abundance of their host taxa. Past workers have indicated that trematode
surveys can address many of the shortcomings of traditional monitoring programs, and
trematodes thembes are readily collected and identified in their firdermediate snail hosts.
We sampled infraommunities of digenetic trematodes from the eastern mudipaingssa
obsoletg, a key host for trematode parasites in intertidal marine environmeatsaiode
community richness, evenness (Pieloudbds), and
snails sampled from natural shorelines with complex habitat (e.g., oyster reefs, saltmarsh
cordgrass) rather than shorelines artificially reinforced withhmadkl structures. There were also
important differences at the communrigyel that likely reflect underlying patterns of host
diversity at different shoreline types. For example, the trematagfescreadium seterifoides

(LS) andZoogonus lasiu¢ZL) were he most common species sampled across all sites, although



they dominated parasites communities in artificial shorelines. Polychaetes serve as intermediate
hosts for LS and ZL, taxa that are ubiquitous but more common in polluted or {patwitat
environmets. On the other hand, the trematode HQ, which requires mollusks and shorebirds as
hosts, was only found at sites with natural shorelines, suggesting that these areas are less
disturbed and have a greater diversity of taxa serving as intermediate hestdl, there were

stark differences in the trematetdest community between natural and artificial shorelines,

which is surprising given the smaltale of our study. Wave energy is likely an important

variable responsible for structuring the underlyingtltmmmunity, and future studies should
guantify differences in the energy and sediment profiles at different shoreline environments.

Introduction

Hardened or Agreyo shorelines (e.g., bul kh
features that mitigate erosion and storm surg
has become increasingly prevalent over the last century (Gittmar26i.8), hardened
infrastructure usually fails in the absence of significant investment and upkeep (Thieler & Young
1991; Gittman et al. 2014). In addition, shoreline hardening can also negatively affect
biodiversity and other ecosystem services (Su@aer et al. 2015). In contrast, natural or
Agreend shorelines (e.g., saltmarsh cordgrass
also conserving biodiversity (Sutt@rier et al. 2015) (Fig. 1).

|l ncreasingly, practitstembassdbaséerabakehbgdfbo
defense, one focused on creating Aliving shor
ecosystems (Temmerman et al. 2013). Resilience is the ability of an ecosystem or biological
community to quickly recover from a dishance, or adapt to changing environmental conditions

(Timmerman 1981). In the aftermath of Hurricane Matthew (2016), living shorelines with natural
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habitat were found to be more resistant to landward erosion than hardened shorelines in the same
comparableenvironment (Smith et al. 2018). In addition to wave attenuation and erosion
mitigation, natural shoreline habitat is also capable of adaptingdewsaise and enhancing
the resilience of surrounding biological communities (Gittman et al. 2018 ciivély,
biodiversity and related ecosystem services |
or fiecol ogical o i nf r-@ret20ld,Rosatireteal. Z05a Aschiméticiof & S u
resilience, biodiversity represents the tkased diversity of organisms (Cadotte et al. 2011) and
the ecological services associated with these traits (Palmer et al. 2014). Degraded coastal
landscapes, or shorelines lacking complex natural habitat, are thus missing more than a variety of
different pecies; they are also deficient in the ecological complexity characteristic of a resilient
ecosystem.

Schultz et al. (2012) called for more indirect (i.e., proxy) indicators for calculating
resilience and recovery following a disturbance and for evay#im ability of coastal systems
to withstand multiple stressors. An increasing number of biodiversity studies prioritize the use of
i ndicator or fAsurrogat eorgansmsthatecan sérve aspioxiels o gi ¢ a
for a broad array of taxdihdenmeyer et al. 2015). Multiple studies have shown that trophically
transmitted parasites can serve as proxies, or surrogates, of overall biodiversity (Huspeni &
Lafferty 2004; Hechinger & Lafferty 2005; Hechinger et al. 2007; 2008; Moore et al. 2020;
Moore et al. in review). Trophically transmitted parasites (e.g., digenetic trematodes) typically
require multiple invertebrate and vertebrate hosts to complete their life cycles (Blakeslee et al.
2012; Phelan et al. 2016). Given the strong positive ctimelaetween host and parasite
abundancéKamiya et al. 2014; Wood & Johnson 201Bigh parasite diversity in easily

collected host organisms can provide evidence that the other hosts required by the parasite are
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also recruiting to the area. In fact, \&ion in the parasite community can be informative for
understanding how a system is fAirecoveringo an
disturbance or longerm environmental change (Huspeni & Lafferty 2004; Huspeni et al. 2005;
Anderson & Sukhde@013).

We sampled digenetic trematode parasites from the eastern mulgsmaitsa obsoleta
at shorelines containing both artifici@ulkheadspnd natura(oyster reefbparting habitat.
Mudsnails areommonly found in tidal creeks and mudflats altimg Atlantic coast of North
America (Abbot 1974), where they may aggregate in dense clusters exceeding.000 m
(Scheltema 1964; Curtis 2002), particularly in areas with low wave energy (Levinton et al.
1995). These snails are an integral part of estuarine food webs (Kelaher 2003). They also serve
as firstintermediate hosts for nine species of digenetic trematedeb of which requires one or
more additional hosts (e.g., polychaetes, mollusks, fishes, shorebirds) to complete its lifecycle
(Miller & Northrup 1926; Curtis 2007; Blakeslee et al. 2012; Phelan et al. 20/5)ested
whether parasite diversity in muusls could serve as a proxy for overall community diversity in
areas with artificial and natural shoreline habitat. We predicteéibas with more complex,
natural habitat would have greater parasite diversity. As-tagss surrogates for multiple
invertebrate and vertebrate taxa (Rodrigues & Brooks 2007; Caro 2010)yameatode
parasites offer a potenti al Ashortcuto for in
sampling methodologies by Huspeni et al. (2005) suggests that larval trereatedys have a
distinct advantage over more traditional survey methods in terms of effort and assessment value.
Parasites thus offer a promising method for monitoring biodiversity and ecosystem function over
the longterm, as changes in the broader loashmunity will be reflected in the relative

abundance of parasite species present.
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Materials and Methods
Field Sampling
Mudsnails were collected alongtheneftttci ng shoreline of Tayl ol
Intracoastal Waterway in Beaufort, North Camali(Fig. S1). Four pairs (n=8 sites total) of
artificial/natural shorelines were sampled beginning in January, 2018 through October, 2019.
Each paired site (n=4) was approximately-b@@n length. Sites were classified as artificial or
natural based on thresence of a bulkhead and the overall condition of the marsh. Sites with
artificial shorelines had a bulkhead and generallyns &f intact marsh between this structure
and the waterds edge. Sites with nm@d>bmaol shor
intact marsh between the waterods edge and the
In January, 2018, two replicate plastic sampling units were staked in the skabddal
at all sites (n=16 units total). These samplers were filled with oyster shell and passiveited
resident and transient fauna like mud crabs and small benthic fishes. From March, 2018 through
April, 2019 taxonomic diversity in these collectors was quantified and resident species of xanthid
crustaceans and benthic fishes were removed agrddigsected for parasites (n=10 sampling
events). In addition, a minimum of n=100 snallgghassa obsole)avere haphazardly collected
from each site using a dip net at lode. Snails were collected from all sites from January, 2018
through October,@19 (n=12 sampling events). Abiotic measurements of salinity (ppt), water
temperature (°C), and dissolved oxygen (mg/L) were collected at each site during each sampling
event with a handheld YSI (ProODO).
Estimates of habitat complexity were collectedhirall sites in September, 2018. The
density ofSpartinashoots and live oysters was quantified along-an5@ansect oriented

perpendicular to the shoreline. The number of shoots and live oysters were counted within a
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0.25n% quadrat at 4m intervals until reaching the upper marsh edge. Mudsnail densities were

also collected from each site in June, 2019. At low tide - 3@&nsect tape was oriented
parallel to the shor etfdguadmatwastused tbenttheaumberadds edge
mudsnails present atr intervals along the tape until reaching then2mark (n=5 quadrat
measurements total). Following sampling, the average number of snails across all 5 quadrats was
tabulated, which was then used to compute amaggi of snail density for each sikgeld

collections were authorized by the North Carolina Division of Marine Fisheries (Scientific or
Educational Permit #706671), and housing and dissection protocols were approved by East
Carolina UniveP$0O346y 6s | ACUC (AU

Host Dissection and Parasite Identification

Snails were dissected for parasites usisgeeeomicroscopeZgiss Stemi 508Prior to
dissection, snails were measured (mm) from the base of the siphon to the upper spire. Snails
were then dissectdaly cracking the shell with a hammer and extracting the soft tissue, which
was teased apart in a watch glass using forceps. The gonadal region of the snail was separated
and scanned for larval trematodes, which are readily identifiable to species usiagyolight
microscopy Blakeslee et al. 2012). Both mature and immastage infections were noted.
Snaittrematode parasites were identified using standard protocols and keys (Blakeslee et al.
2012; 2015; Phelan et al. 2016).

Resident species of crabsddirsh were also dissected for parasites. Crabs were measured
(carapace width, mm), sexed, and dissected by separating the upper and lower carapace. Tissue
squashes of hepatopancreas and gonad tissue were then scanned for parasites at low power (4
10x) ushg a compound microscope (Zeiss AxioScope Al). Fish were measured (TL, mm),

sexed, and dissected by removihg entire gastrointestinal tract (stomach, liver, gallbladder,
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spleen, intestine) and scanning for parasites at low power. The gut cavity fifkaghs then
rinsed and the wash examined for parasites that had been dislodged during dissection. Lastly, the
head, body, and fins were checked for subcutaneous trematode cysts by viewing each fish at low
power under a stereomicroscogeiés Stemi5080nly xant hid crabs O5 mm
fishes>20 mm were dissected for parasites because the macroparasites in our system primarily
infect adult individuals (Moore et al. 2020). All parasites were identified using standard
protocols and keys (e.g., YamaiglO71). Although smaller mud crabs and fish were not
dissected for parasites, they were still included as part of oulivneg diversity analyses. We
also counted and identified other mobile taxa (e.g., blue crabs, shrimps, transient fishes) found
within the crates and minnow traps at each site.
Statistical Analyses and Data Visualization

Statistical analyses were performed on data for identifiable species of larval trematodes in
snails; earlystage immature infections were excluded from all analy&@sisite count data was
zeroinflated and did not meet the assumptions of a normal distribution. As sueparametric
statistical tests were used for assessing differences in parasite diversity in snail, crustacean, and
fish hosts from artificial and maral shoreline sites. Univariate analyses were conducted in R
(version 4.0.3) using R core functionality and the packsigeix (Alboukadel 2020) for basic
statistical tests. Wilcoxon rank sum tests with continuity correction were used to test fos@airwi
differences in richness, evenness, diversity, and snail density between artificial and natural
shorelines. Wilcoxon effect size tests were used to calculate effect sizes and extract confidence
intervals. KruskalWallis and Wilcoxon rank sum pekbc tess were used to test for differences
in habitat metrics across multiple pairwise comparisons (i.e., n=8 sites). SHaiemoer and

Simpson diversity values were calculated usingvganpackage (Oksanen et al. 2020).
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Pi el ousd6 evenne gliag SvanrsoiWeirer (H)vndea values bydadg #species)
(Pielou 1966). Rarlabundance curves were constructed for the $rearlatode data to
understand patterns of relative abundance in artificial and natural shoreline communities. This
log-series model gdicts the number of species at different levels of abundance (Fisher et al.
1943). Sna#trematode data from both shoreline communities were arranged in decreasing order
of abundance, and legundance @axis) was plotted against community rankaf«s). In total,
eight of nine possible trematode species were sampled fiamsoletas nai | s i n Tayl or ¢
(n=6 from Artificial; n=8 from Natural). Curves from both shorelines were fitted along the same
domain (18) to make it easier to compare commungyad Data were fitted using loess
smoothing (nofparametric), a method that is appropriate for smaller sample sizes (Gardener
2014).
For visualizing sitdevel patterns in the data, a cluster dendrogram was constructed for
the snailltrematode data. Sndrematode data were presence/absence transformed and pooled by
site. The resulting matrix was used to construct the dendrogram based on Jaccard dissimilarity.
We also conducted chi squared tests on the abundance data to determine if species of trematodes
were positively or negatively associated with specific shoreline types (Gardener 2014).
Trematode abundance at all shorelines was formatted as a contingency table and analyzed using
chi-squared approximation. The resulting Pearson residuals for spece ahereline were
then plotted using basic R functionality. A threshold value of [2] is considered to be a significant
test of an Aindicator, 0 or association (Gardn
We used coverageased rarefaction methods in addition to conventional sabapés
rarefaction to determine whether we had fully accounted for trematode diversity in artificial and

natural shoreline communities. Estimators of richness cannot distinguish between rare and

57



common species in a community (see discussion in Chao & Jdat 2 tommunities with
multiple rare species, sample richness may never asymptote with increasing sample size
(Coddington et al. 2009). While rare species of trematodes were present in both shoreline
communities, they were overBbundant in the artificishoreline community. As a result,
samplingbased rarefaction/extrapolation estimators may not be appropriate and we opted to
standardize diversity in these different communities using additional covieaggd estimators
(Chao & Jost 2012; Chao et al.12) Hsieh et al. 2020). The R packay&XT plots Hill

Numbers (species richness, Shannon diversity, Simpson diversity) and their associated 95%
confidence intervals using a conventional sample size estimator (Type 1), sample completeness
(Type 2), and cosragebased (Type 3) rarefaction/extrapolation estimators (Hsieh et al. 2020).
Of note, the Type 2 curve provides a link between sample size and cobeassgeestimation
methods (Chao & Jost 2012). Srmématode community data were analyzedNiBXT using all

three methods.

Lastly, we constructed a table of invertebrate and vertebrate taxa found in coastal North
Carolina that could serve as downstream hosts for-seailatode parasites in our system. The
range and distribution for all hosts wasess®d using either the World Register of Marine
Species (WoRMS), FishBase, or the Cornell Lab of Ornithology. This effort builds upon similar
work done forllyanassa obsoletand its trematode parasites conducted in coastal Delaware

(Curtis 2007) and in nieve vs. introduced ranges of the snail (Blakeslee et al. 2012).

Results

Trematode Diversity and the Host Community
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ShannorSimpson diversity of trematode communities was greater in sites with natural
shorelines (W=229.5, p=0.003; W=198, p=0.0006) (Fig. 2). There were also compelling
differences in the richness and evenness of trematode communities, which may have
implications for the types of downstream host taxa frequenting these environments. Overall,
richness was greater in sites with natural shorelines (W=273, n=64, p=0.008) (Fig. S2).
However, this difference disappeared when trematode richness was partitiorfesthinging
trematode species (n=4) vs. birding trematode species (n=4), neither of which differed as a
function of shoreline type (Fig. S3). Similarly, there was a much more even abundance of
trematode species in sites with natural shorelines (W=228®003) (Fig. S4). Collectively,
these results are illustrated in Figure 3, which depicts how the diversity ofrenagitode
parasites can be used to extrapolate the presence of additional host taxa required for life cycle
completionBased on work danby Blakeslee et al. (2012here are a multitude of potential
hosts for these parasites, all of which are abundant in coastal North Céralnea S1).

Parasite CommunityMetrics

To better visualize the trematode community data,-eemkndance curvesere created
for the data from artificial and natural shorelines (Fig. S5). When comparing data from both
communities, the slope of the curve is greater in the figure depictingtssmadtode data from
artificial shorelines, indicating lower overall diggly. While the trematode LS was the most
abundance species at both types of shorelines (rank=1), thdf-dtange to the next abundant
species, ZL (rank=2, Artificial) vs. HQ (rank=2, Natural), is more abrupt at sites with artificial
shorelines. Note #t DN and GA are paired together at artificial shorelines (rank=5) because
there was only a single collection record for each species. The trematode LS was overly

abundant in artificial shoreline sites (Fig. S5; Table S2). While there were no diffenetices i
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overall prevalence of infected snails between artificial and natural shorelines (Table S3),
removing LS from both sites resulted in greater infection prevalence at sites with natural
shorelines (W=242, p=0.004) (Fig. S6). Interestingly, the tremai@@eas detected in high
abundance (n=45 infections) at natural shorelines but was absent from artificial shorelines (Table
S2). LS and HQ may serve as indicators of artificial or natural shoreline sites (Figr8ic)al
shorelines were positively agsated with the trematode LS, a species requiring polychaetes and
fish as seconthtermediate and final hosts, respectivédy.note, the trematode LS is still highly
abundant in natural shorelines (n=165 infections) (Table S2). There is, however, @am unev
abundance of LS in artificial shorelines, which may indicate the preference of this species, or its
host taxa, for this type of environment (i.e., Gardener 2@4 Yhe other handytificial
shorelines were negatively associated with HQ, which regjmie@lusks and shorebirds as hosts.
This species of trematode was positively associated with natural shorelines.

Overall, the snaitrematode data tended to cluster by shoreline type (Artificial vs.
Natural), although data from the Boathoust#ficial site was more similar to data from other
natural shoreline sites (Fig. S8). Interestingly, two out of three rare trematode species sampled
from artificial shorelines (AV=2; DN=1; GA=1) came from this site. This included both
observations of the trematode AWhich requires shorebirds as hosts, and the single record of
GA, which requires crustaceans and shorebirds as s@u@nohediate and final hosts,
respectively. The lone record for DN at artificial shoreline sites, which also requires shorebirds,
was samfed at the Duke Marine Lab. The Boathous#ficial site is unusual among its cohort
in that it has a relatively intact saltmarsh

data were noteworthy at this site. While there were no differencealloneSpartinashoot or
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live oyster density across all sites, densities of both types of habitat were greater at the
Boathouse@Artificial site compared to its natural shoreline counterpart (W=12, p=0.05) (Fig. S9).
Sample Coverage

Mudsnails tend taggregate in large groupSdheltema 1964; Curtis 2002nd densities
were greater at sites with natural shorelines (W=0, n=4, p=0.03) (Table S4; Fig. S10). However,
estimates of coveragmsed rarefaction and extrapolation showed that our samplingwef®rt
adequate in both shoreline types. If standardizing by sample size, as is traditional for most
estimators, it would appear as if richness in artificial shorelines has been undersampled. (Fig.
S11a). However, one major problem (i.e., Chao & Jost 2@1tRat the estimator in this case is
equally sensitive to rare species in the community (e.g., DN (n=1), GA (n=1), AV (n=2)) as itis
to common species like LS (n=103) (TableS2). It is therefore difficult to differentiate a sampling
effect from a true comuanity effect, the latter an indication that artificial shoreline communities
are hosfpoor compared to natural shoreline communities. Chao & Jost (2012) argue instead for
standardizing by sample completeness and coverage rather than size. When forrtrated in
manner, both estimators show neamplete saturation for artificial shorelines (~97%) and
100% saturation for natural shoreline communities (Fig. £31b
Additional Analyses

Summary statistics for abiotic data can be found in Table S5a. Meamtestiof
temperature, salinity, and dissolved oxygen (£ 1SD) stratified by site and shoreline type can be
found in Table S5b. Siteesident and transient species of crustaceans and fish were also
collected to quantify the overall taxonomic diversity of mekassociated with different shoreline

types. Mean abundances (+ 1SD) of these taxa are depicted in TablesS#&aesident species
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(e.g., mud crabs, small benthic fishes) were dissected for parasites. There were no differences in

the parasite richness crustacean and fish taxa as a function of shoreline type (Fig. S12).

Discussion

Measurements of biodiversity are notoriously scipendent (Magurran 2003). Effect
sizes can radically differ in both magnitude and direction, making it impracticelyton a
single metric for quantifying biodiversity over timgegChase et al. 2018). To address this issue,
Chase et al. (2018) recommended using several biodiversity metrics (e.g., functional,
phylogenetic, and taxonomic) that reflect the multidimemaligcale of biodiversity. As cross
taxon surrogates for their host taxa, trophically transmitted parasites rely on an array of
functional groups at different trophic levels for life cycle completion, making them ideal
indicators of overall community diveity at multiple scales. Nevertheless, our results differ from
recent analyses concluding that scale is not an important driver of thegpasite diversity
relationship. Kamiya et al. (2014) analyzed 38 case studies of host and parasite species richness
literature used by Wood & Johnson (2016) to conduct a-negt@ssion on the effects of scale.
According to their results, for eackspecies increase in host diversity, parasite diversity
increased by 0.44 species. Of note, spatial scale was not anantgoedictor of the host
parasite relationship. It should be emphasized that most studies used by Wood & Johnson (2016)
dealt with terrestrial systems at extensive scales-{D00 kilometers). While host diversity and
parasite diversity are tightly amlated (Kamiya et al. 2014; Wood & Johnson 2016), over vast
distances the relationship between surrogates and their target taxa can weaken (Wiens et al.
2008). At smaller scales, however, crtason surrogates like trophically transmitted parasites
are seful for predicting underlying patterns of host diversity (Wiens et al. 2008; Rossiter &

Sukhdeo 2014).
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The null hypothesis guiding our study was that the data from each paired site (A vs. N)
should be similar since they are adjacent to one anotheradhsteaitrematode communities at
artificial and natural shoreline sites were remarkably different and tended to cluster by shoreline
type (Fig. S8). Trematode communities from natural shorelines exhibited greater richness (Fig.
S2), evenness (Fig. $8b), and diversity (Fig. 2) compared to their artificial counterparts. This
was surprising given the small scale of our wiopaired sites were located adjacent to one
another and were generally less than-&O length. However, despite the scale involvei,
unlikely that mud snails were moving between shorelines and mixing trematode communities.
Movement patterns df obsoletahave been studied extensively, both in the field (Curtis 1987,
1990; 2005; 2007a) and in the lab (Borowsky 1979; Dimock 1985). On average, parasitized
snails move less than unparasitized individu@lsr{is 2002 2003).In fact, parasitized
individuals ae infected for life, decades in some cases (Curtis 2003), as the parasite castrates the
snail and slows its growth (Curtis & Hurd 1983). Other than infection setugponmental
conditions are mostly responsible for mediating patterns of snail distribiRbssiter &

Sukhdeo (2012) GR8acked mudsnails over a thrgear period, finding that snails released in
intertidal pannes buffered [§partinadid not migrate into nearby habitats, despite their

proximity, while those released into exposed coasitd fwith greater wave action) moved more

on average and sought out less disturbed areas. Our study area has low fetch and is subjected to
wave energy from boat wake, which can be destructive to shallotidslilhabitats (Parnell et

al. 2007). Shorelineinforced with artificial structures tend to have more reflective wave

energy, which contributes to scouring and sediment resuspension (Currin 2019), whereas natural
shorelines typically have large sections of intact marsh capable of dissipating this (demis

et al. 2015; Currin 2019). This may explain why mudsnails were more scattered in areas with
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artificial shorelines (Table S4), although it does not mean that snails in natural shorelines were
more likely to be infectedl'he prevalence of infectexhails was similar between artificial

(8.4%) and natural shorelines (9.0%) (Table S3). In a stutlyobkoletaand its trematode

parasites in Delaware Ba@urtis (2009) identified six species (HQ, LS, ZL, AV, GA, ST) in a
population with low infection fevalence (14%), which he argued resulted from wave energy and
current velocity inhibiting the environmental transmission phase from final hosts to snail first
intermediate hosts. The population that Curtis (2009) studied was fringed with narrow channels,
leading him to theorize that trematode eggs were being advected from the area. In some cases,
snail populations within only a few meters of each other exhibited markedly different infection
prevalence, which he attributed to local hydrodynamics (Curtigl®00here are a multitude of
factors that affect cercarial transmission and infection at thdifieg stage (Combes et al.

1994; Thieltges et al. 2008; Koprivnikar & Poulin 200@)our system, gtential differences in

wave energy did not affect theerall infection prevalence of snails in artificial and natural
shorelinegTable S3).However, the energy profile of each shoreline environment could mediate
the types of host taxa present, which in turn would structure the parasite communities found in

these areas.

The trematode community data imply that there are underlying differences between the
host communities in each shoreline typkeetop three most abundant trematodes at artificial
shorelines (LS=103; ZL=15; ST=8) all use fish as final hagtde the most abundant species at
natural shorelines use both fish (LS=165; ZL=68) and shorebirds (HQ=45) (Fig. S5). Of note, the
trematode H@ a species requiring mollusks and shorebirds as sdoteminediate and final
hostsi was abundant at natursthorelines (n=45 observations) but completely absent from

artificial shoreline sites (Table S2). For HQ to complete its lifecycle, larval cercariae shed from
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shails must infect a molluscan secantermediate host, which must then be consumed by a
shorebid final host. Based on field studies, confirmed sedatefmediate hosts for HQ include
the polychaet&coloplos fragiligStunkard 1986) and the bivalidya arenaria(Uzmann 1951).

In addition, experimental studies have shown that ribbed muSsaleensa demissajackknife
clamsEnsis directusquahog clamdercenariaspp., horsemusseldodiolus modiolusand
scallopsArgopectans irradiansan also serve as competent seemermediate hosts for HQ,
although apparently not the eastern oyStiessostreavirginica (Cheng et al. 1966). Bivalve
communities are sensitive to wagaergy and sediment depositiofs€baert et al. 2019)

Studies of sultidal benthic communities adjacent to bulkheads have reported lower diversity
compared to those near natural marshes (Seitz et al. 2006). Similar studies have shown that
installing living shorelines with natural habitat can result in protbchanges in benthic
community composition such as higher densities and biomass of bivalves (Davenport et al.
2018). In our system, a high abundance of HQ at natural shorelines implies that bivalves and
other secondhntermediate hosts are also presemt are being consumed bgrring gullsLarus

argenatus common ternSterna hirundpand other final hosts (Stunkard 1988able S1)

Multiple studies have concluded that the ldagm maintenance and stability of parasite
populations is best explained the abundance of final hosts (Hoff 1941; Robson & Williams
1970; Hughes & Answer 1982; Matthews et al. 1985; Smith 2001; Kube 2002; Skirnisson et al.
2004; Byers et al. 2008; Levakin et al. 2013; Byers et al. 201y system, parasite
component commmuties from different hosts are expected to reach a state of dynamic
equilibrium determined by the relative abundance of autogenic vs. allogenic host taxa (Esch &
Fernandez 1994; Fellis & Esch 2005; Feis et al. 2015)-dfiskn systems are said to be

aubgenic and have less colonization potential compared to allogenic systems that use shorebirds
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as final hosts (Esch et al. 1988). Trematode parasite communities in artificial shorelines lacked a
strong allogenic signature, suggesting that these hoststdreauenting artificial shorelines

even though their colonization potential is higher overall. In addition, HQ may be absent from
artificial shorelines because seceantermediate hosts like mussels and clams are not present in
large numbers. The abserafeHQ could thus be thought of as an indicator of a disturbed
shoreline environment with low host diversity (Table S7). Similarly, a high relative abundance of
the trematode LS may also serve as an indicator of artificial shorelines or disturbed enwgsonmen
(Table S7). Multiple species of polychaetes within the family Spionidae have been confirmed as
secondintermediate hosts for LS includirygospio elegan@icCurdy et al. 2000; Curtis

2007),P. ciliata, P. ligni, andSpiospp. (Peoples 2013). It is higHikely that LS can further its
lifecycle using a range of polychaetes, flatworms, and other invertebrates at this stage (Table
S1). This species has many potential hosts, which may explain why it was the most abundant
parasite sampled from our systerthaugh it was more common in sites with artificial

shorelines (Table S2). The third most abundant trematode, ZL, also uses several species of
polychaetes as secointtermediate hosts (Peoples 2013) (Table S1). Polychaetes in general are a
highly diverse goup of invertebrates that occupy a wide range of environments (Glasby & Timm
2008). They are especially common in dadttom habitats, where they function as deposit

feeders in sedimesmich environments (Tian et al. 2019). Polychaetes are opportuiaiséic

tolerant of disturbance and pollution (Dauvin 2018). For this reason, they have been used as
indicators of human impacts alongside more sensitive groups like amphipods (Dauvin 2018).
Habitats with higher polychaete diversity relative to other inveateb are often found in
anthropogenically modified estuaries subject to a variety of chemical and physical stressors

(Dafforn et al. 2013). The polychaaising trematodes LS and ZL were some of the most
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common trematode parasites in our system. Howéwey,were overly abundant at sites with

artificial shorelines (Fig. S5). Altogether, the parasite data indicate that polychaetes dominate the
host community at artificial shoreline sites, while the data from less disturbed natural shorelines
suggests thahollusks are abundant in addition to polychaetes and other invertebrates (Table S1,

S2, S5).

Routine monitoring is crucial for evaluating the letegm performance of coastal
infrastructure I(a Peyre et al. 2022Although there are wetecognized financial and logistic
challenges associated with monitoring programs (Yoccoz et al. 2001), trerhasmtestudies
have several advantages over more conventional methods of quantifying biodiversity (Huspeni et
al. 20(®). With a minimum amount of training and effort (Huspeni et al. 2005), trematodes can
be readily surveyed and identified in common sha#ts, making them ideal indicators of

community diversity and ecological resilience. Whier@bsoletais locally abundant, parasite

surveys in these snails could serve as a firap

protocol for monitoring biodiversity in freshwater streams (EPA 1999). Moreover, there are
multiple snaitrematode systems that could be substitidedl obsoletain other locationskor
example, trematodeost communities have been characterized for the Littorine $iidilsna
saxatilisandLittorina obtusatan the northeastern United States and western EuRlpkgslee
et al. 2012Granovitch& Maximovich 2013;Levakin et al. 20133s well as the California Horn
SnailCerithidea californicaalong the Pacific Coast of the United States (Huspeni & Lafferty
2004). Horn snails have a wondde distribution Houbrick 1983 as do hydrobiids, whichave
diversified across freshwater, estuarine, and marine environnhifies et al. 2018) There are
multiple records of trematode diversity in botbrn snails (Harada & Suguri 1989; Mani & Rao

1993; AlKandari et al. 2000) and hydrobiids (Heard 197X @, DeBlock 1980; Heard &
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Overstreet 1983; Font et al. 1984; Heard et al. 2002; Skirnisson et al. 2004; Pung et al. 2002;
2006; 2008). However, in many cases we lack detailed knowledbe oflevanhost
communitiemneeded by these parasitathough seHeard & Overstreet 1983; Pung et al. 2006;
2008. Future efforts should therefore focus on identifying these host taxa, particularly the final

hosts needed for lifecycle completion (autogenic vs. allogenic).
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Figures

Bulkhead/sea wall Rock sills Living shorelines with fringing
marsh and oyster reefs
Artificial Hybrid Natural
Fig. 1.Shoreline infrastructur&€€o ast al shorelines are -to-f t en ¢ o mj
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Fig. 2.Shannon (A) and Simpson (B) diversity of snail trematodes sampled from artificial and
natural shoreline sites. Shannon diversity was higher in natural shorelines (W=229.5, p=0.003).
There was a moderate effect size difference in diversity between ar{ific20) and natural

(n=44) shoreline sites (r=0.38, Cl low=0.18, CI high=0.57). Simpson diversity was likewise
higher in natural shorelines (W=198, p=0.0008)ere was anoderate effect size difference
(r=0.44, Cl low=0.21, CI high=0.61).
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Fig. 3.Community of downstream hostshi$ figure is a placeholder for one being designed by
Kristen Orr. We want to create something that illustrates how the diversity otremadtodes at
artificial and natural shoreline sites can indicate the presence of additional host taxa.
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Supplementary Figures
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Overall Snail Trematode Richness
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Fig. S2 Overallsnail trematode species richness in artificial and natural shorelines. Richness
was greater in sites with natural shorelines (W=273, p=0.008). There was a moderate effect size
difference in richness between artificial (n=20) and natural (n=44) shoreés€rs-0.33, ClI

low=0.1, CI high=0.54).
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a) Fish-using Trematode Species Richness b) Bird-using Trematode Species Richness
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Fig. S3.Mean estimates (x1SBf fish-using (a) and birdising (b) trematode species. The
richness of trematode species using fish as final hosts did not differ between sites with artificial
and natural shorelines, nor did the richness of trematode species using birds as final hosts.
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natural (B) shorelines. Evenness was greater in snails sampled from natural shoreline sites
(W=229.5, p=0.003). There was a moderate effect siferelifce in evenness between artificial
(n=20) and natural (n=44) shoreline sites (r=0.38, Cl low=0.16, CI high=0.58).
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Rank Abundance: Artificial Shorelines
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Fig. S5.Rankabundance curves depicting ranked abundane&i®y and logransformed

abundance @axis) at Atrtificial (n=6 species) and Natural (n=8) shoreline sites for the n=8 total
species of trematodes sampled from Tayl oroés C
and less diverse community. Note that there was only a single collection record for both DN and

GA atsites with artificial shorelines, which is why they share the same abundance rank.
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a) With LS b) Without LS
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Fig. S6. Totainfection prevalence with the trematode LS (a) and without the trematode LS (b).
This species of trematode is highly abundant in both artificial and natural shorelines. However, it
is the dominant species present in artificial shoreline trematode conmesuWithout LS,

infection prevalence is greater in natural shorelines (W=242, p=0.004). The magnitude of
difference likewise increases between communities with LS (a) [r=0.02, CI low=0.005, CI
high=0.3, magnitude=small] and without LS (b) [r=0.36, CI |6, CI high=0.58, magnitude

= moderate].
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Fig. S7.Plotof Pearson residuals based on-Gtpiare analysis of raw trematode abundance data
from sites with artificial and natural shorelines. An absolute value of 2 indicates that species are
positively or negatively associated with either artificial or naturatedmes.
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Fig. S8.Clusterdendrogram based on Jaccard dissimilarity matrix depictingsaaiatode data
from all sites. Sitdevel data cluster by shoreline type (Artificial vs. Natural), except for the site
Boathouse (A), which tends to cluster with data from natural shorelines
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a) Spartina Shoot Density b) Live Oyster Density
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Fig. S9. Mearestimateg+1SE) ofSpartinashoot density (a) and live oyster density (b) across
all sites. Sites are paired (A vs. N) to better visualizesggzific differences in habitat. Overall,
there were no differences 8partinashod density (% = 13.2, df=7, p=0.07) or live oyster

density (?=11.3, df=7, p=0.13) across all sites. At the BoathouseSyi@tinashoot density
(W=12, p=0.05) and live oyster density (W=12, p=0.05) were greater at the Artificial shoreline.
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Fig. S10.Mean estimates of snail density (+1SE) at artificial and natural shoreline sites along

Tayl ordés Creek. Densities of mudsnails were g
p=0.03) with a large effect size detected (r=0.84, n=4, p=0.03)pl8amze was too small to be

able to extract confidence intervals. Raw data are provided in Table S4.
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Sample-size-based R/E curve
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Fig. S11aConventional rarefaction/extrapolation estimator based on sample size. Species
richness = red; Shannon diversity = green; Simpson diversity =®hagled areas represent the
95% confidence interval for each fitted curve.
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Fig. S11bRarefactiorextramlation estimator based on sample completeness. Species richness =

red; Shannon diversity = green; Simpson diversity = I#haded areas represent the 95%
confidence interval for each fitted curve.
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Coverage-based R/E curve
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Fig. S11cRarefactiorextrapolation estimator based sampleoverage Species richness = red,;

Shannon diversity = green; Simpson diversity = bfileaded areas represent the 95% confidence
interval for each fitted curve.
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a) Crustacean Free-living Taxa b) Fish Free-living Taxa
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Fig. S12. Therevere no differences in crustacean and fish-Ingeag taxa richness (&), or
crustacean and fish parasite taxa richnesh éampled from artificial and natural shoreline sites.
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Supplementary Tables

Table S1Digenetictrematode species parasitizing the eastern mudgraassa obsoletand
potential host species found in coastal North Carolina (based on Blakeslee et al. 2012).

Trematode Species

2" Intermediate Host

AV

DN

GA

HQ

none required

Fundulus heteroclitunummichog,
Mugil cephalugstriped mulle)

Americorchesa longicornigAtlantic
sandhoppey, Talorchestia longico
(amphipod) ,Ucapugilator, Uca pugnax,
Uca minaxfiddler crab$ Eurypanopeus
depressugblackfingered mudcral
Rhithropanopeus harrisii
(white-fingered mudcral Panopeus
herbstii(Atlantic mudcral, Dyspanopeus
sayi{ @ Qa )Y dzRONJ o

Argopecten irradiangbay scallop,
Cerastodermedule(common cocklg
Crepidula fornicatécommon slipper

Cumingia tellinoide&lam), Ensis directus
(jackknife clan, Geukensia demisgabbed

92

Final Host

Anas rubripegblack duckwinter
only), Aythyaaffinis (lesser scaup
winter only), Branta Canadensis
(Canada gooseearround), Larus
argentatus(herring gul] yearround),
Larus atricillglaughing gullyear
round), Larusdelawarensigring-billed
gull, non-breeding residerjt Larus
marinus(great blackbacked gullnon-
breeding resident Melanitta deglandi
(white-winged scoterwinter only),
Mergus serratofred-breasted
merganserwinter only), Nycticorax
nycticorax(black-crowned night heron
yearround), Phalacrocorax auritus
(double-crested cormorantnon
breeding resident)

Birds gnknown)

Larus argentatugherring gull,
yearround), Larus atricillglaughing
gull,yearround), Ammospiza
maritime maritima(seaside sparrow,
yearround), Charadriusvilsoni

02 Af a2y réedingtf canhdm I
Calidris albgsanderling, Opsanus tau
(oyster toadfish, Sphoeroides
maculatus(northern puffer,

Procyon lotofraccoon, Rhynchops
nigra (black skimmer, yearound),
Sterna hirundd¢common tern year
round)

Larus argentatugherringgull, year
round), Larus atricillglaughing gull,
yearround), Larus marinus

(great blackbacked gullnon-breeding

resident),Nycticorax nycticoragblack



LS

SD

ST

ZL

PM

musse), Modiolus modiolugnorthern horse
musse), Mytilus eduligblue mussé)l,
Leitoscoloplos fragiligolychaetg

Chaetozone setog@olychaetg, Childia
groenlandicapolychaetg, Chrysaora
guinquecirrhasea rettle jellyfish, Eteone
longa(polychaetg, Euplana gracilis,
(flatworm), Foviella warren(flatworm),
Polydora ciliatgpolychaetg, Polydora
cornuta(polychaetg, Streblospio benedicti
(polychaetg, Stylochus ellipticuglat-
-worm)

Menidiamenidia(Atlantic silversidg

Anguilla rostrataleel), Fundulus heteroclitus

(mummichog, Menidia menidig/Atlantic
silversideg

Arabella Iricolofpolychaets),
Arbaciapunctulatus(purple sea
urchin), Bdelloura candidéflat-
worm), Hydroides sppibeworm)
Leonereis culve(polychaets,
Lumbrineris hebe@polychaets,
Scoloplos robustgpolychaetg

vegetation, hard surfaces
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crowned night heronyearround),
Sterna hirundgcommon ternyear
round)

Pseudopleuronectes Americanus
(winter flounden

Paralichthys dentatuéummer
flounder), Sphoeroides maculatus
(northern puffer)

Menticirrhus saxatilignorthern
kingfish), Morone saxatiligstriped
basg, Opsanus tayoyster toadfish,
Sphoeroidesaculatus(northern
puffer)

Anguilla rostrata(eel), Leiostomus
xanthurus(spot), Trinectes maculatus
(hogchoker)Menidia menidigAtlantic
silversid¢, Pardichtys dentatus
(summerflounder), Opsanus tau
(oyster toadfish, Tautoga onitis
(tautog)

Chelonia myda&reen sea turtlenon-
resident),Malaclemys terrapin
(diamondback terrapin)



Table S2Raw abundance data of trematode species samplldiassa obsoletanails from

artificial and natural shoreline sites along
snails infected with a particular species of trematode parasite.
Species offrematode
Shoreline| AV DN GA HQ PM LS SD ST ZL
Atrtificial 2 1 1 0 0 103 0 8 15
Natural 5 2 1 45 0 165 3 18 68

Table S3Mean estimates (+1SD) of snail trematode species richness and infection prevalence at
Tayl or 0s

artificialandn at ur al shor

el ines

al ong

Artificial (n=20)

Natural (n=44)

Overall Trematode Species Richness
(excludes immaturestage infections)

Mean

1.55 (0.605)

2.02 (0.762)

Median [Min, Max]

1.50 [1.00, 3.00]

2.00 [0, 3.00]

SpecieRichness of Birdusing
Trematodes

Mean

0.200 (0.410)

0.432 (0.545)

Median [Min, Max] 0 [0, 1.00] 0 [0, 2.00]
Species Richness of Fishsing

Trematodes

Mean 1.35 (0.489) 1.59 (0.757)
Median [Min, Max] 1.00 [1.00, 2.00] 2.00 [0, 3.00]

Overall Trematode Infection
Prevalence (includes immaturestage
infections)

Mean

0.0841 (0.0713)

0.0902 (0.0802)

Median [Min, Max]

0.0750 [0.0100, 0.280

0.0600 [0, 0.420]

Overall Trematode Bird-using
Prevalence

Mean

0.0403 (0.116)

0.154 (0.276)

Median [Min, Max]

0 [0, 0.500]

0 [0, 1.00]

Overall Trematode Fish-using
Prevalence

Mean

0.799 (0.242)

0.627 (0.348)

Median [Min, Max]

0.902 [0.250, 1.00]

0.744 [0, 1.00]
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Table S4Raw abundance data used to estimate snail density at artihcialatural shoreline

sites along Tayl ordés Creek.
Quadrat | Quadrat | Quadrat | Quadrat | Quadrat

Site Shoreline | 1 2 3 4 5

Boathouse Artificial 0 1 0 0 0
Duke Marine Lab Artificial 0 0 0 0 0
Front/Fulford Street| Artificial 0 0 0 0 0
Grayden Paul Park | Artificial 0 0 0 0 0
Boathouse Natural 173 74 0 0 0
Duke Marine Lab Natural 70 747 50 115 0
Fisherman's Park | Natural 0 3 186 128 0
Grayden Paul Park | Natural 0 0 0 0 390

Table S5aSummary statistics meat(SD) of abiotic data collected fromrtificial and natural
shorelines along Taylords Creek.

Abiotic Data from Taylor's Creek

Avrtificial Natural
(N=45) (N=45)
Salinity (ppt)
Mean 29.7 (4.28) 29.9 (4.10)

Median [Min, Max]
Temperature (°C)

29.4[20.1, 38.0] | 29.3 [21.0, 38.1]

21.8 (7.75)
22.3[8.10, 31.2]

21.8 (7.78)
22.5[8.10, 32.4]

Mean
Median [Min, Max]

Dissolved Oxygen
(mg/L)

Mean
Median [Min, Max]

7.84 (1.37)
7.72[5.34, 10.5]

7.83 (1.36)
7.48715.37, 10.3]
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Table SS5bhSummary statisticst( SD) of abiotic data stratified by site and shoreline.

Artificial
Boathouse Duke Marine | Front/Fulford | Grayden Paul
Lab Street Park
(N=12) (N=9) (N=12) (N=12)

Salinity (ppt)
Mean 29.3 (4.38) | 29.9 (4.75) 29.5 (4.45) 30.0 (4.16)
Median [Min, Max] 29.1[21.0, |29.4[22.8, 29.2 [20.1,

37.9] 38.0] 37.9] 30.0[23.2, 37.9]
Temperature (°C)
Mean 21.3(8.46) | 23.4(7.26) 21.3 (8.06) 21.6 (7.89)
Median [Min, Max] 22.2 [8.10, |26.9]8.80, 22.5 [8.60,

31.2] 30.4] 31.1] 22.6[9.20, 30.8]
Dissolved Oxygen (mg/L)

Mean 8.10 (1.44) |7.48(1.23) |[7.89(1.51) |7.79(1.38)
Median [Min, Max] 7.92[5.34, |7.34[5.93, 7.77 [5.49, 7.48 [5.69, 10.2]
9.98] 9.61] 10.5]

Natural
Boathouse Duke Marine | Fisherman's | Grayden Paul
Lab Park Park
(N=12) (N=9) (N=12) (N=12)
Salinity (ppt)
Mean 29.2 (4.43) | 29.8 (4.67) 30.2 (4.16) 30.3 (3.72)
Median [Min, Max] 28.8[21.0, |29.0[23.3, 29.8 [22.0,
38.1] 37.8] 37.9] 30.4 [22.9, 37.9]
Temperature (°C)
Mean 21.3(8.54) | 23.5(7.26) 21.3 (8.09) 21.5 (7.90)
Median [Min, Max] 22.2[8.10, |27.1[8.70, 22.4[8.60,
32.4] 30.8] 30.9] 22.3[8.90, 30.7]
Dissolved Oxygen (mg/L)
Mean 7.90 (1.50) |7.43(1.23) 7.97 (1.39) 7.90 (1.38)
Median [Min, Max] 7.61[5.37, |7.00][5.83, 7.81[5.51, 7.70 [5.65, 10.2]
9.96] 9.58] 10.3]
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Table S6aMean abundances I8D) of siteresident (R) and transient (figkton collected from

al ong

artificial and natwural shorelines
Artificial Natural
(N=30) (N=30)
Atlantic mud crabs (P. herbsti) (R)
Mean 4.43 (4.60) 4.30 (4.14)
Median [Min, Max] 3.00[0, 20.0] | 3.50][0, 19.0]
Say's mud crab D. sayi) (R)
Mean 4.67 (6.19) 4.93 (8.39)
Median [Min, Max] 2.00[0,22.0] | 0[O0, 33.0]
Flat-backed mud crab €. depressus(R)
Mean 0.567 (1.25) 0.567 (1.28)
Median [Min, Max] 0 [0, 6.00] 0 [0, 6.00]
White-fingered mud crab R. harriss) (R)
Mean 1.00 (2.35) 0.633 (1.25)
Median [Min, Max] 0 [0, 11.0] 0 [0, 5.00]
Unknown mud crabs (juv. Panopeidae) (R)
Mean 0.733 (1.78) 0.600 (1.25)
Median [Min, Max] 0 [0, 8.00] 0 [0, 5.00]
Blue Crabs (T)
Mean 0.233 (1.10) 0.267 (1.46)
Median [Min, Max] 0 [0, 6.00] 0 [0, 8.00]
Stone crabs (R)
Mean 0.800 (1.27) 0.500 (0.820)
Median [Min, Max] 0 [0, 6.00] 0 [0, 3.00]
Spider Crabs (T)
Mean 0.100 (0.305) | 0(0)
Median [Min, Max] 0 [0, 1.00] 0 [0, O]
Porcelain Crabs (R)
Mean 0 (0) 0.0333 (0.183)
Median [Min, Max] 0 [0, O] 0 [0, 1.00]
Spiny Lobsters (T)
Mean 0 (0) 0.0333 (0.183)
Median[Min, Max] 0 [0, 0] 0 [0, 1.00]
Grass Shrimp (T)
Mean 1.07 (2.78) 0.967 (1.83)
Median [Min, Max] 0[O0, 14.0] 0 [0, 8.00]
Snapping Shrimp (R)
Mean 1.30 (2.05) 1.70 (2.10)
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Artificial Natural
(N=30) (N=30)

Median [Min, Max] 0 [0, 7.00] 0.500 [0, 8.00]
Naked Gobies (R)
Mean 0.633 (1.56) 1.03 (2.20)
Median [Min, Max] 0 [0, 7.00] 0 [0, 9.00]
Striped Blennies (R)
Mean
Median [Min, Max] 0 [0, 6.00] 0 [0, 1.00]
Feather Blemies (R)
Mean 0.500 (0.974) | 1.00 (1.74)
Median [Min, Max] 0 [0, 3.00] 0 [0, 7.00]
Oyster Toadfish (R)
Mean 0.900 (1.09) 0.733 (0.785)

Median [Min, Max]

0.500 [0, 4.00]

1.00 [0, 2.00]

Mummichogs (T)

Mean

0.133 (0.571)

0.167 (0.747)

Median [Min, Max]

0 [0, 3.00]

0 [0, 4.00]

Sheepshead (T)

Mean

0.100 (0.403)

0.0333(0.183)

Median [Min, Max]

0 [0, 2.00]

0 [0, 1.00]

Darter Gobies (T)

Mean

0.0667 (0.254)

0.0333 (0.183)

Median [Min, Max] 0 [0, 1.00] 0 [0, 1.00]
Rock Seabass (T)

Mean 0.0333 (0.183) | 0 (0)
Median [Min, Max] 0 [0, 1.00] 0 [0, O]
Croaker (T)

Mean 0.0333 (0.183) | 0 (0)
Median [Min, Max] 0 [0, 1.00] 0 [0, O]

Grey Snapper (T)

Mean

0.133 (0.571)

0.0667 (0.254)

Median [Min, Max] 0 [0, 3.00] 0 [0, 1.00]
American Eels (T)

Mean 0 (0) 0.0333 (0.183)
Median [Min, Max] 010, 0] 0[O0, 1.00]
Banded Killifish (T)

Mean 0 (0) 0.0333 (0.183)
Median [Min, Max] 010, 0] 0 [0, 1.00]

Pinfish
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Artificial Natural
(N=30) (N=30)
Mean 0 (0) 0.0333 (0.183)
Median [Min, Max] 0 [0, 0] 0 [0, 1.00]
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Table S6bMean abundances I$D) of siteresident (R) and transient (figkton stratified by site and shoreline.

Atrtificial Natural
Duke Grayden Duke | Fisherman's
Boathouse| Marine Frorlcl;/tlr:éjellf[ord Paul Boathouse| Marine Park Grsgglen
Lab Park Lab Natural
(N=8) | (N=6) (N=8) (N=8) (N=8) | (N=6) (N=8) (N=8)
Atlantic mud
crabs (P.
herbstii) (R)
Mean 5.50 3.13 2.50 3.88
6.00 (6.12) (6.80) 3.38 (1.85) (2.59) 7.13 (5.46) (2.59) 3.25 (3.33) (3.44)
Median [Min, | 4.00 [0, 3.50 [0, | 3.00 [1.00, 2.50 [0, |6.00][1.00,| 2.00[0,| 2.50 [0, 3.50 [0,
Max] 20.0] 18.0] 6.00] 7.00] 19.0] 6.00] 8.00] 10.0]
Say's mud
crab (D.
sayii) (R)
6.67 3.25 3.00 5.88
Mean 1.63 (3.29) (8.57) 7.63 (7.71) (3.11) 0 (0) (6.00) 10.4 (11.7) (7.99)
Median [Min, 2.50 [0, 2.00 [0, 0[O, 7.50 [0, 3.50 [0,
Max] 000,9.00] | 19 ¢y 7| 9:5000,22.00 | g 55" [O10.01 9501 |33.0] 23.0]
Flat-backed
mud crab (E.
depressups
(R)
0.167 0.750 0.125 0.625
Mean 1.25 (2.05) (0.408) 0 (0) (1.04) 1.38 (2.20)| 0 (0) (0.354) (0.744)
Median [Min, | 0.500 [0, | O[O, 0.500 [0, 0.500 [0,
Max] 6.00] 1.00] 0[0.0] 3.00] 010, 6.00] | 00, 0] | 00, 1.00] 2.00]
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Avrtificial Natural
Duke Grayden Duke | Fisherman's
Boathouse| Marine Frorlcl;/tlr:euelllj[ord Paul Boathouse| Marine Park Grsgglen
Lab Park Lab Natural
(N=8) (N=6) (N=8) (N=8) (N=8) (N=6) (N=8) (N=8)

White-
fingered mud
crab (R.
harrissi) (R)

0.125 0.500 0.333 0.875
Mean (0.354) 0 (0) 3.13 (3.87) (0.756) 0 (0) (0.816) 1.25(1.91) (1.13)
Median [Min, 0[O, 0[O, 0.500 [0,
Max] 0[0,1.00]1|0]0,0] |2.00]0, 11.0] 2.00] 0 [0, 0] 2.00] 0 [0, 5.00] 3.00]
Unknown
mud crabs
(uv.
Panopeidae)
(R)

0.500 1.33 0.625 0.500 0.250
Mean ©0756) |@27) |98 Q7D 119y |00 (0.837) | 163 (200) | 5 463
Median [Min, 0[O, 0[O, 0[O, 1.00 [0, 0[O,
Max] 010, 2.00] 8.00] 010, 5.00] 3.00] 00, 0] 2.00] 5.00] 1.00]
Blue Crabs
(M

0.167 0.750 1.33

Mean 0 (0) (0.408) 0 (0) (2.12) 0 (0) (3.27) 0 (0) 0 (0)
Median [Min, 0[O, 0[O, 0[O,
Max] 0 [0, 0] 1.00] 0 [0, 0] 6.00] 0 [0, 0] 8.00] 0 [0, 0] 0 [0, 0]
Stone crabs
(R)
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Artificial Natural
Duke Grayden Duke | Fisherman's
Boathouse| Marine Frorlcl;/tlr:éjellf[ord Paul Boathouse| Marine Park Grsgglen
Lab Park Lab Natural
(N=8) (N=6) (N=8) (N=8) (N=8) (N=6) (N=8) (N=8)
0.625 1.83 0.625 |0.125 133 |0.125 0.625
Mean ©0.916) | @223 |%3°0744) 1 6744) |©0354) |(1.21) |(0.354) (0.744)
Median [Min, 1.50 [0, 0.500 [0, 1.50 [0, 0.500 [0,
Max] 0[0,2.00] | g0y | 0102000 | 530|010, 1.00] | 30, | 010, 2.00] | 500
Spider Crabs
(M
0.125 0.167
Mean 0554 | (0.408) | 0125 (0:354) | 0(0) 0 (0) 0(0) |0(0) 0 (0)
Median [Min, O[O,
Mo Min. 1 6 10, 1.00] 1.5)0] 0[0,1.00] |0[0,0] |0[0,0] |0[0,0]|0o,0] 0[0, 0]
Porcelain
Crabs (R)
Mean 0 (0) 00) |0() 00 |0() o |92 0 (0)
(0.354)
mz)‘j]'a”['\’“”' 0[0,0] |00, 0]|0[o,0] 0[0,0] |0[0,0] |00, 0]|0[0, 1.00] |0, 0]
Spiny
Lobsters (T)
Mean 0(0) 00) |0(0) 00) |0(0) o) |9%125 0(0)
(0.354)
mzf(']'a”['\’“”* 0[0,0] |00, 0]|0[o,0] 0[0,0] |0[0.0] |0[0,0]|0[0, 1.00] |0, 0]
Grass
Shrimp (T)
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Artificial Natural
Duke Grayden Duke | Fisherman's
Boathouse| Marine Frorlcl;/tlr:éjellf[ord Paul Boathouse| Marine Park Grsgglen
Lab Park Lab Natural
(N=8) | (N=6) |  (N=8) (N=8) [ (N=8) | (N=6) | (N=8) [ (N=8)
0.250 1.17 2.00 0.667 0.625
Mean (0.463) (2.40) 0.875 (1.46) (4.87) 1.75 (2.92) (1.21) 0.750 (1.16) (1.41)
Median [Min, 0[O, 0[O, 0[O, 0[O,
Max] 0 [0, 1.00] 6.00] 0 [0, 4.00] 14.0] 0 [0, 8.00] 3.00] 0 [0, 3.00] 4.00]
Snapping
Shrimp (R)
1.00 2.50 0.875 3.17 1.25
Mean 1.13 (1.64) (2.00) 0.500 (0.926) (2.93) (1.25) (1.94) 1.88 (2.85) (1.75)
Median [Min, 0[O, 1.50 [0, 3.00 [0, | 0.500 [0, 0[O,
Max] 010, 4.00] 5.00] 010, 2.00] 7.00] 010, 3.00] 6.00] 8.00] 4.00]
Naked
Gobies (R)
0.667 0.875 1.17 0.250
Mean 1.00 (2.45) (0.816) 0 (0) (1.73) 1.50 (1.69) (2.86) 1.25 (3.15) (0.707)
. . 0.500
Median [Min, 0[O, 1.50 [0, 0[O, 0[O,
Max] 010, 7.00] [2060] 010, 0] 5.00] 5.00] 7.00] 010,9.00] 2.00]
Striped
Blennies (R)
Mean 1.38(2.07) 0(0) |0 (0) oo |92 1o |00 0 (0)
' ' (0.354)
Median [Min, | 0.500 [0,
Max] 6.00] 0[0,0] |0]O, 0] 0[0,0] |0J0,1.00]|0]0,0]|0][0,0] 0 [0, 0]
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Atrtificial Natural
Duke Grayden Duke | Fisherman's
Boathouse| Marine Frorlcl;/tlr:éjellf[ord Paul Boathouse| Marine Park Grsgglen
Lab Park Lab Natural
(N=8) (N=6) (N=8) (N=8) (N=8) (N=6) (N=8) (N=8)

Feather
Blennnies (R)
Mean 0.375 1.33 0(0) 0.500 0.375 3.17 0.625 0.375

(0.744) (1.51) (0.926) | (1.06) (2.79) |(0.744) (0.518)
Median [Min, 1.00 [0, 0[O, 2.50 [0, | 0.500 [0, 0[O,
Max] 010, 2.00] 3.00] 0[0.0] 2.00] 010, 3.00] 7.00] |2.00] 1.00]
Oyster
Toadfish (R)

0.875 1.33 0.875 0.625 0.833 | 0.625 0.875
Mean ©0.991) | ©0s816) |20 @19 | 136 | (©0.744) | (0.753) | (0.744) (0.991)
Median [Min, | 0.500 [0, | 1.50 [0, 0[0, 3.00] 0.500 [0, | 0.500 [0, |1.00 [0, | 0.500 [O, 0.500 [0,
Max] 2.00] 2.00] T 4.00] 2.00] 2.00] |2.00] 2.00]
Mummichogs
(M

0.125 0.500 0.500 0.167
Mean ©0354) |22 |°© 00 141y |(0.408)|°O@ 0(0)
Median [Min, 0[O, 0[O,
Max] 0 [0, 1.00] 3.00] 0[0, 0] 0[0,0] |0]0,4.00] 1.00] 0 [0, O] 0 [0, O]
Sheepshead
(M)

0.250 0.167 0.167
Mean 0.707) | (0.408) | °© 00 |00 0.408) | 0 © 00
Median [Min, 0[O0, 0[O0,
Max] 0 [0, 2.00] 1.00] 0 [0, 0] 0[0,0] |0O]O,0] 1.00] 0[O0, O] 0 [0, O]
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Atrtificial Natural
Duke Grayden Duke | Fisherman's
Boathouse| Marine Frorg/tFuh;ord Paul Boathouse| Marine Park Grsydlen
Lab ree Park Lab Natural ad

(N=8) | (N=6) (N=8) (N=8) (N=8) | (N=6) (N=8) (N=8)
Darter
Gobies (T)
Mean 0 (0) 0(0) |0.125(0.354) ?6.132554) 0 (0) 0 (0) ((36.132554) 0 (0)
Median [Min, 0[O,
Max] 0[O0, 0] 0[0,0] [0]O, 1.00] 1.00] 0 [0, O] 0[0,0] |0[0,2.00] |O]O,OQ]
Rock Seabasg
(M)
Mean 0 (0) ?6.14?078) 0 (0) 00 |0(0) 00) |0(0) 0 (0)
Median [Min, 0 [0,
Max] 0[O0, 0] 1.00] 0[0, 0] 0[0,0] |0]0,0] 0[0,0] |00, O] 0 [0, O]
Croaker (T)
Mean 0 (0) 00) |0() ?6.132554) 0 (0) 00) |0(0) 0 (0)
Median [Min, 0 [o,
Max] 0[O0, 0] 0[0,0] |0O]O0, 0] 1.00] 0 [0, O] 0[0,0] |00, O] 0[O0, O]
Grey
Snapper (T)

0.167 0.125 0.167

Mean 0 (0) (0.408) 0.375(1.06) |0 (0) (0.354) (0.408) 0 (0) 0 (0)
Median [Min, 0[O0, 0[O0,
Max] 0[O0, 0] 1.00] 0 [0, 3.00] 0[0,0] |0]0,1.00] 1.00] 0[O0, O] 0 [0, O]
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Artificial Natural
Duke Grayden Duke | Fisherman's
Boathouse| Marine Frorlcl;/tlr:euelllj[ord Paul Boathouse| Marine Park Grsgglen
Lab Park Lab Natural
(N=8) (N=6) (N=8) (N=8) (N=8) (N=6) (N=8) (N=8)
American
Eels (T)
Mean 0 (0) 00) |0() 00 |0() 00) |0(0) ((36.13254)
Median [Min, 0[O,
Man] 0[0,0] |0[0,0] |0I0,0] 0[0,0] |0[0,0] |0[0,0]]|0][0,0] 1.00]
Banded
Killifish (T)
Mean 0 (0) 00) |0() 0 (0) (()6.132554) 00) |0() 0 (0)
ng]ia” Min. | 910,01 | 00,0 |0[0, 0] 0[0,0] |00, 1.00]|07[0,0]|0][0,0] 010, 0]
Pinfish
Mean 0 (0) 00) |0(0) 00) |0(0) 00) |0(0) ?(')_132554)
Median [Min, 0[O,
e 0[0,0] |0[0,0] |0]0,0] 0[0,0] |0[0,0] |0[0,0]]|0][0,0] 1.00]
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Chapter 3: If you build it, they will come: restoration positively influences free

living and parasite diversity in a restored tidal marsh

Abstract

Ecologicalmonitoring studiesiave shown thaturrogate species can provide good
predictive power for the community diversityahertaxa In our study, we sampled for resident
and transient fauna in several newly created oyster reefs. We also sampled for common multi
host parasites in these organisms, as parasite abundance can act as a surrogate for trophic
complexity in structured habitafhe restoratiorconsisted othree treatments: contrplots(no
restoration), stacked bags of oyster shell, r@eds constructed from a novel design made of
concrete and burlap. 8\also included three previously restored lesisell reefdor comparisao.
Over 16 months, & quantified parasite diversity in mudsnails, crustaceans, and benthi¢ fishes
as well as crustacean and fish fling diversity. Taxa richness increased posstoration for
most freeliving and parasite groupsegardless of restation designand communities shifted
toward reefresident species assemblages. Shell bags showed the greatest positive change in
richness ongear postrestoratiod at 2x that of control plots on average. The relative
abundance of trematodes also increasgid time, particularly those using fish as final hosts, and
nematodes, cestodes, and entoniscid isopods were also more abundaestpton. Habitat
complexity and hiotic factors (e.g.temperature and dissolved oxyQ&rere also positively
correldedwith shifts inhost and parasite diversity. Our study demonstrates thaivireg and
parasite responses to restoration @ecur rapidlyandare sensitive to restoration design and site
specific environmental characteristi®arasitesrethus a pomising tool for quantifying

biodiversity and ecosystem health, particularly in systeuhgect to frequent monitoring



Introduction

Habitat destruction is the single greatest threat to biodiversity worldBrdeks et al.
2002;MEA 2005;Hanski 2011; Maxwell et al. 2016). Coastal zones are particularly vulnerable
to environmental degradation and habitat loss, as population density has rapidly expanded in
these areas (Small & Nicholls 2003; Halpern et al. 200&ycott et al. 2009; Barbi@014;
Neumann et al. 2015)Vhile some ecosystems are capable of partially regenerating without
human interference (Palmer et al. 2016), restoration intervention is often required when natural
systems have degraded to the point wheressedfaining recaery is not possible (Lotze et al
2011; Suding 2011 Increasingly, however, researchers are calling for a more proactive
approach to conservation, one that incorporates both protectiyestoration (Possingham et
al. 2015;Abelson et al. 2016)nthissensea fAf ul |y restoredo ecosyst el
is not just biologically diverse; it is also resilient and able to recover from natural and-human
induced stressors (SER 2004; Montoya et al. 2012).

Restoration outcomes can vary widely (Sud?9d.1), and complete recovery often
depends upon restoring natural biological communities and the abiotic processes that sustain
them(Montoya et al. 2012Naeem 2016)Biodiversityis essential to several important
ecosystem serviceBélegates of th@V/orld Conference on Marine Biodiversity, 2008
including enhanced water quality (Lamb et al. 201§9istance to invasion by notive
species (Stachowicz et al. 200ffi3heries productivity (Worm et al. 20Q6nd aesthetic
enjoymentSandifer et al2015 SuttonGrieret al. 2018). A a goal or driver of ecological
restoration 0s uc chodivwemsiy (hugepesents nhbee ¢hanmustz hdasduye ,of
taxonomic richness (Wortley et al. 2013; Palmer et al. 2014). Instead, biodiversity Iséould

viewed as a fAmul ti di mens i asoircorpo@tesrthe trattasedt 0 ( Na e
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diversity of organismsGadotte et al. 2011). In other words, a degraded landscape is missing
more than a variety of specéed is also deficient in the struatal and functional complexity of
a resilient ecosystem.

However, for restoration to be fully incorporated into conservation plansernsy
Abelson et al. 2016), functional metrics and other indicators of ecosystem performance must be
carefully defined Ralmer & Filoso 200p It is therefore important to establish realistiteria
for evaluating restoration success (Ellison 2000; Bell et al. 2008; 2014; Baggett et al. 2015),
especially when considering whether restoration can enhance the secondacti\prpdii
supported fauna (Powers et al. 2009; Angelini et al. 2011; Dethkseijberg et al. 2017)o be
truly effective, restoration projecteed to incorporate a monitoring program designed to collect
data that can be used to infofaturework,i.e, fadapti ve monitoringo (L
2009; 2018)Yetin most ecological restoration projedisere is often little or no pogiroject
monitoring of restored habitétindenmeyer & Likens 2018).ongterm monitoring programs
can be challenging to administer for a variety of readéinst, sirveying for multiple target
organisms is often impractical, and monitoring budgets are usually hamperedieguate
funding and other constraints (Batesle2807).Second, mnitoring must be conducted
routinely if it is to function as an early warning system for evaluating threats to biodiversity
(Yoccoz et al. 2001)rhird, some habitats may be sensitive to disturbance, and repeated
monitoring can be desictive depending on the numberpgrsonnetequired or the equipment
used (Bates et al. 200lany monitoring programs arthereforelimited in scope, often
focusing on target species or threatened habitats (Henry et al. 2008). As a result, the is a cl
need for novel approaches that can account for the limitations imposed by traditional survey

methods while offering a systematic way to survey biodiversity at the landscape scale. For these
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reasons, fisurrogate speci d¢abnionitaring organiengthagd nt | vy
can reliably predict the presence of other, more elusive taxa (Rodrigues & Brooks 2007;
Lindenmeyer et al. 2015).

Over the years, many organisms have been identified as indicator species, providing
evidence of specific envimmental impacts across a variety of conservatsdated questions
and environmental scales (Caro 2010). However, indicator species that confer information across
taxa (i.e., oosstaxonsurrogates) are mostfective atserving as proxies faverall comnunity
diversity. Trophically transmitted parasites are valuable a@am surrogates because their
indirect life cycles often incorporate multiple invertebrate and vertebraté taxa enhancing
connectivity and interactions between organisms in foods\@&h. 1) (Huspeni et al. 2005
Lafferty et al.2006; Dunne et al. 201.3)ndeed, tophically transmitted parasites have proven
effectivein monitoring the recovery of salt marsh and other habitats following significant
humanmediated disturbance (Huspé&nlLafferty 2004; Bass & Weis 2008; Anderson &
Sukhded?013).More specifically, the abundance of trophically transmitted parasites in
intermediate hosts has been found to reflect patterns of land use and overall animal biodiversity
(Hechinger et al. 2008y organisms as diverse as shorebirds (Hechinger & Lafferty 2005),
diamondback terrapins (Byers et al. 2))Jand small fishes and benthic invertebrates (Hechinger
et al. 2007). This fundamental relationship between host and parasite diversity has been validated
by multiple metaanalyses (Kamiya et al. 2014; Wood & Johnson 2016), which have
documentec consigently positive correlation between host and parasite species ricAtsss.
these interactions aleng-lasting, asnanyhostparasite relationships remain stable over time
(Byers et al. 2008; 2016)rophically transmitted parasites can thereby funci®crosgaxon

surrogates for the presence of their hdstsoastal estuariesarget hostsften includeabundant
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andeasily-collecied organisms like mollusks, medabs, and small resident fishes (e.g., gobies,
blennies, toadfisid) all of which are relavely immobile and exhibit strong sifedelity (Curtis

& Hurd 1983;Toscano et al. 2014arding et al. 2019Because of the strong positive
correlation between host and parasite abundance, high parasite divets#tseimostsdicates
that the othehosts required by the parasite are g@isgsent in the systerfiéchinger & Lafferty
2005 Hechinger et alk007;2008 Byers et al. 201).

Hostparasite interactions aasostrongly influenced by habitat complexity (Sousa &
Grosholz 1991Froeschke et al. 2013phnson et al. 20}6particularly in communities with
overlapping heterogeneous habtigies (Rossiter & Sukhdeo 2017 hus,adding structurally
complex habitat to a degraded environmeatild be expected tstrengthen trophicriksas new
hosts recruit to the areBor example, at a series of restored saltmarsh sites, Anderson and
Sukhdeo (2013) found that stable communities of host organisms were required for parasite life
cycles to persist over time. Interestingly, the parasitemunity in a newly restored marsh (up
to a year) was found to have omliyectly transmittedparasite species. Parasites with direct
lifecycles require only a single host, whereas trophically transmitted parasites require multiple
hosts Rohde 200k A site with only directly transmitted parasites would thus be deficient in
community structure and functional diversity because the additional hosts needed for parasite life
cycle completion are not present in the systBasomeextent, otheresearcherbave used
trophically transmittegbarasites t@valuatehabitat restoratioandhave demonstrated a positive
correlation between trematode parasite diversity and timereststration however, in all cases
parasite diversity (and only that of trematgdeas used in a postoc analytical framework

(e.g., Huspeni & Lafferty 2004; Bass & Weis 2008).

111



Restoration projects in coastal systems of eastern North America and the Gulf of Mexico
have widely incorporated an important habftaining species, the gasn oyster Crassostrea
virginica), at a variety of spatial scaledsgnnedy 1996; Altieri & Koppel 20t4Hernandez et al.
2018. Oyster reefs offer a wealth of ecosystem services (Coen et al. 2007; Grabowski &
Peterson 2007; Grabowski et al. 2012), ingigchabitat provisioning (Coen et al. 1999; Tolley
& Volety 2005; Humphries et al. 2011), water filtration (Peterson et al. 2003; Piehler & Smyth
2011), carbon sequestration (Fodrie et al. 2017), and stabilization of eposi@nsalt marsh
shorelines (Rizza et al. 2005). However, these services are imperiled by the drastic decline in
oyster abundance over the |&stv decades (Beck et al. 2011). Structurally complex oystefr
habitat has declined up to 85% relative to historical baselines (zu Ermgasse2012), with
some areas in North Carolina experiencing losses > 90% since the early 1900s (Jackson et al.
2001). In response, states alongth8. Eastandcu | f coasts have invested
shorelines that use oyster reefs and otlagire-based featuret® enhance biodiversity and
mitigate erosion (Bilkovic et al. 20173ince the mid2000s the pace ofuchrestoratiorprojects
has escalated (Hernandez et al. 200@})) practitioners increasingly incorporating foundation
species like oysters into restoration planning (Byers et al. 2306)edy et al. 2011Gedan et
al. 2014).Thesedbundat i onf @r mifim @ dsensupagtoni1@78) can enhance
biodiversityandecosystem mukiunctionality at both the patch and landscapale (Angelini et
al. 2015), making them ideally suited for use in locations where foundation species placement
would maximize the delivery of ecosystem services.

In our study, wencorporated traditional surveys of fréiging biodiversity with novel
parasitesurrogate approaches to evaluate the successtHr reefestorationHere, we define

Asuccesso t o me aswstaihifgdiogenicdabitai thatoffepoivisioniegforf
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associated frekving and parasite taxa across multiple trophic levels. We posed the following
questions in our study: (1) How does restoration influencelifre and parasite diversity over
time and in response to seasonal chafiges prerestaation, 3 6 months postestoration, and

91 12 months postestoration? (2) Will restoration design (i.e., traditional versus novel
restoration materials) differentially affect biodiversity and habitat complexity when compared to
a norestoration controlTo answer these questions, we surveyed residenlivieg and

parasite surrogate taxab3months prior and 12 months following the addition of habitat. To our
knowledge, our study is the first &opriori incorporate parasites into the experimental desig

a restoration project, providing a more powerful, msitecies approach for evaluating the

impact of restoration on biodiversity and trophic complexity.

Materials and Methods

Study System

Our study took place in the Rachel Carson National EstuResearch Reserve (NERR),
a protected landscape of sounds and darest habitat located along the central coast of North
Carolina in Beaufort, NC, United States{342 Nj1 4 . 9397NNJZN5, . 4716NjNjW) ( NC DEQ
Within the Reserve, we sampled an unnamedkdamated along the souflacing shoreline of
Carrot Island, which experiences high erosion (Riggs & Ames 2003) resulting from a large fetch
and dominant soutBouthwest summer windBif). 2, Pietrafesa edl. 1986; Theuerkauf et al.
2017). The creek hasmaximum tidal exchange of £ 0.75 meters and is polyhaline with a
salinity of 23.3 37.5 ppt. (mean 30.0 ppt) measured during this prdpetes of the creek are
lined with Spartina alterniflora(Bortolus et al. 2019), and the prestoration substrate csisted
mostly of bare mudflat mixed with lowensity oysteshell and shell fragments (i.eyltch) and

scattered clumps of live oyster in the upper intertidal zone. We sampled a roughig@00

113



section of the northern shoreline of the crael one adtonal cultch reef on the southern
shoreling(Fig. 2).We were unable to replicate natural reefs in our system because two of these
reefs had been buried with sediment by the time our project began. We did, however, collect data
from a single natural regfvhich we include in a supplementary tatdeeDiscussion).

Experimental Restoration Design

We used a block design to test the effects of adding two forms of oyster habitat to the
creek shoreline along Carrot Island (Fig. 2). Habitat was aiddbe form of bags of oyster
cultch (hereafter f@Ashel | EbsaugtaresoOysseBGatclenmséd Oy st e
novel form of biogenic habitat that may be more resilient in high energy environments and
incorporates only biodegradable materglsh as burlap, concrete, and steel wian@bar
Oyster Company 2020Each block thus consisted of the following three treatments: cultch
shellbag reefs; Oyster Catclierreefs; and control plots (CP) where no restoration occurred
(Fig. 2 seealsoFig. S1). We also sampled three areas that had been previously restored with
loose oyster cultch in 2012deKeller et al. 2019 These were incorporated into the

experimental design as cultch reefs (CR) 1, 2, and 3.

In August 2017 and April 2018, wmllected baseline surface elevation data to
determine appropriate locations for intertidal oyster reef restoratioms@tea Trimble Real
Time Kinematic (RTK)Global Navigation Satellite Systef@.5 1.0 cm horizontal and 1.@.0
cm vertical resolutionfo identify locations adjacent (within 1 m) tiwe creekshoreline with
surface elevations betweeh6 m and0.3 m relative to the North American Vertical Datum of
1988 (NAVD88). These base elevations would al
growth zoneo f or o Ridgeetnl 2015 Wd collected addlitiopnals sy st em

baselinemonitoring data in August and September 2017 and April 2018 for each site.
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In January 2018, sections of shoreline were randomly assigned into {lodks
However, because oyster cultch had previously been distributed in Block 2, that block was
excluded from this study; thus our study examined Blocks 1, 3, and 4. Restoration occurred at
the end of May 2018 under a General Per#60643) for marsh ®revetments from the NC
Division of Coastal Managemel8B reefs consisted of 1593 polyethylene oyster bags with
1.0 cnt mesh, filled with loose shells ranging froml% cm. Each SB waé meters long x 1.5 m
deep x 0.5 m tall ametas constructed byolunteers with the North Carolina Coastal Federation
OC reefsconsisted of a framework of concrédarlap bars positioned laterally and at right
angles to each other atop a series @héped pillars driveni 1.5 meters into the sediment,
elevating the gsters roughly 0.5 m above the substrate. They weredeawiers long x 2 m
deep x 0.25 m taindwere designed and constructed intparship with Sandbar Oyster
Company (Sandbar Oyster Co. 202IHe materials used to construct th€ and SBeefs were
seededvithes et t | ement of oyster spat on Sandbar Oy

beginning in August 2017.
Sampling for Freeliving/Sessile Organisms

We sampled resident fréing diversity over two sampling events prestoraion
(Apreo: Mar c h, May 2018), overredgthareaetéidsamp(l i ppays
August, September, November 2018), and over three sampling events 12 monthstpoaion
(Apb3dd: January, March, May ol ofbd projectOver t he r
crustaceans, fishes, and other mobile-fnaag organisms wereollected using small plastic
milk crates (19« 22 x 16 cm) filled with autoclaved oyster shellThis ismodeled on the
successful methodologysedby the Smithsonian Enronmental Research Centrerthe past

20 yeargo sample for small benthic crustaceéag).,Roche & Torchin 2007and is also
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analogous to the use of shalbble trays, which are highly effective for sampling neefident

fish (La Peyre 2019)Althoughorganismsan freely move inside and outside the crates, they are
attracted to the complex thregmensional habitat that the shell provid@sour system, 2

replicate crates (n = 26 total) werip-tied to 0.75 m wooden stakesthe shallow subtidat?2

meters from each treatment. We were unable to place the collectors within the treatments
themselves because this would have exposed them during low tide, preventing us from collecting

resident and transient fishes.

Crabs and fish wereollected by sorting the contents of each crate usflapting sieve
(56 x 56 x 13 cm) with a 2 mm mesh. Due to the abundance of xanthid crabs in our system,
crabs were collected for dissection from just one of the two replicate crates at each si#as whe
fish were collected from both. We also documented thelifreng diversity of other mobile taxa
(e.g., blue crabs, shrimps, transient fishes) found within the sampling units at every site.
Sampling took place every 8 weeks fromMarch 2018 until May2019 with a brief hiatus in
June 2018 following the installation of restored habitast, the influence of restoration on
sessile invertebrate taxa was quantified ugiBg cn? plastic fouling plates (Piedmont Plastics,
Atlanta, GA) which were attacliein September 201t#® all collecting units in our system. Plates
were left for~6 months and removed in March 2019. The contents of each plate were scraped
into an aluminum foil wrapper arglaced into a drying oveat 75°C for72 hours Samples were
weighed on a digital scale (Mettler Toledo model ME54E), and the dry weight of each sample

wasrecorded
Sampling for Parasites

We quantified the relative abundance and taxa richness of endoparasites with complex,

multi-host life cycles (e.gnematodes, trematodes, acanthocephalans, cestodes, entoniscid
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isopod$ in a variety ofcommonintermediate host organisms, which we partitioned into three
host groups: fish, crustaceans, and snails. Host sampling was performed over the same period
and using the same passive collectors described above (except for hodt semitelow).
Ectoparasite like monogeneans and copepods were not sampled because these organisms are
easily dislodged during collection and transport. Though not a-hmati parasite, we did include

the endoparasiteoxothylacugpanopaein our study because this parasitic bateas a castrator

and can be highly prevalent in southeastern coastal estuaries, where it exerts considerable
selective pressure on mud crab populations (Tepolt et al. 2020). Hosts retained for parasite

dissections included: (a) the eastern mudsiiablfsoletg; (b) xanthid crabskhithropanopeus

harrisii (white-fingered mud crahEurypanopeus depress(flatback mud crah)Panopeus

herbstii (Atlantic mud crab)Dyspanopeus sayi Say 6 s nandiMenppeanbrgenaria
(stone crab); and (c) small benthic fishes: blen@leasmodes bosquianudypsoblennius hertz
naked gobiessobiosoma bosand toadfistOpsanus tauMud crabs were identified to species

using Williams (1984).

To examine parasites (specifically trematodes) in snail hosts, we focused on the eastern
mudsnail,Tritia (=llyanassa obsoleta Snails were sampled on a slightly different schedule
compared to crustacean and fish hostsrestoration January March, May2018); post6
(June August, September, November 2018); and-g@stJanuary, March, May 2019). Thus,
compared to the crustacean and fish sampling (n = 8 collection events), we collected two
additional samples of snails in January and June of 2018 (rcell&Btion events).

Approximately 100 snails were collected haphazardly at each of our three blocks and from the
previously restored reefs (CR 1 and GR 2ombinedseeFig. 2). Our sample size was based

upon previous work showing it to be adequate fsessing trematode prevalence and species
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richness in firsintermediate snail hosts (e.g., Blakeslee et al. 2012; Byers et al. 2016).
Moreover, we sampled at the blelgvel because mudsnails tend to aggregate in groups
(Scheltema 1964; Curtis 2002) andvaon response to disturbance and currents (Levinton et al.

1995), although net movement in any one direction is limited (Curtis 2005; 2007a).

As hosts for parasites, mudsnails, crabs, and benthic fishes are all relatively immobile and
display strong sitdidelity (Wilson et al. 1982Curtis & Hurd 1983Toscano et al. 2014,
Harding et al. 2019), which is important becapagasite diversityn these organisms should
correlate withfactors like habitat complexity and fréiging diversity at the sitéevel (Bortone
2005).Moreover, to avoid problems with spatial autocorrelation, it is important to match the
scale of a speciesb6 response to iIits environme
biodiversity at the sitéevel) (Knegtetal.200) . Only snails O 11 mm, x
and benthic fishes20 mm were dissected for parasites because smaller individuals are immature
and would have just recently become part of the community of competent hosts exposed to
trophically transmittegbarasites (McDonald 1982; Wilson et al. 1982ytis & Hurd 1983
Harding 1999; Bl akesl| ee @&dpoltatlal. 202D Bdlvever, elzeda Agu i | |
though mud crabs <5 mm and resident fishes < 20 mm were not dissected for parasites, these
individuals were still recorded as part of the overall taxonomic diversity associated with each
site, as they provide an understanding of the recruitment efiyieg taxa to the restoration

treatments and controls.

All hosts werdlissectedising light micoscopy at #10x (Zeiss stereo and compound
microscopes), and parasites were identified using standard protocols aifé.ge@olvan
1969;Yamaguti 1971Anderson 19755chmidt 1986; Khalil et al. 1998lakeslee et al. 2012,

Blakeslee et al. 20)5Xanthid crabs and fish were checked parasitesising tissue squashes
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and light microscopy. In crabs, all hepatopancreas tissue was removed and examined under low
power (4x, 10x). In fish, the entire gastrointestinal tract was removed, and the stoveach, |
gallbladder, spleen, and intestine were checked for parasites under low power (44&|st)x).

the gut cavity of each fish was rinsed, and the westierexamined for any parasites that had

been dislodged during dissectidmast, the headyody, andfins of each fish were checked for
trematode cysts by viewing each fish under a dissecting microscope at low powEb({4xail

hosts, the length of each shell was first recorded (measuring from the siphon base to the aperture)
using digital calipers (m). The shell was then cracked using a hammer, and the soft tissue of

the snail was removed and placed into a watch glass. The gonad tissue was then teased apart
using forceps and seawater was added to the dish to observe swimming ceseaFi@ae {).
Trematodes were identified to species level using Curtis (2007b), Blakeslee et al. (2012), and
Phelan et al. (2016kield collectionsvereauthorized by the North Carolina Division of Marine
Fisheries (Scientific or Educational Permit #7066a81d North Ceolina Coastal Reserve

(research permit #2018). Animal husbandrgnd dissection protocolgereapproved by East

Carolina UniveaPsgO346y 6s | ACUC (A
Habitat Complexity Data

We collected the following habitat complexity data for eaagiicate treatment: live
oyster density (per fiy cultch (dead oyster shell) percent cover (p& and surface elevaticat
the marsh edge. Habitat complexity sampling was conducted three times: August 2017 (nine
months before restoration), Septembet@@wo months following restoration), and August
2019 (thirteen months following restoration). Live adult and juvenile in situ oyster densities were
determined for each treatment (OC, SB, CP) using a 0-062fiadrat in October 2018 (three

months followng the addition of habitat) and again in September 2019 (fourteen months later).
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Although we were unable to match our habitat complexity measures with our biodiversity
sampling timeline, the habitat data we collected still provides a general understafruatgat
measures before restoration (before our biodiversity surveys); 6 monthgesosation (during

our surveys); and 16 months posstoration (after our surveys ended). Densities were calculated
based on the number of juveniles and adults (Inatig and dead) divided by the total surface

area available for recruitment and then standardized to 9&tr@P sites, the density of adult

(>25 mm) and juvenile (<25 mm) oysters were assessed using a 0.0§2&drat placed in the

center of the plotin an attempt to make accurate irseibstrate comparisons for the SB and OC
samples, density calculations were based upon their respective surface areas (and therefore, area
available for oyster settlement and growth). At SB sites, one shell bag wagecefram the

midpoint of the reef and measured to calculate an average surface area based on the formula of a
rectangular solid (in A). All juvenile and adult oysters within the sample were enumerated and

their totals divided by the calculated surfaceaaeecounting for the settlement of most oysters

on the exterior of the bag. At each OC site, &dllinear section was removed from one corner

of the reef using a hacksaw. Juvenile and adult oyster density was calculated based on the
number of individua from each size class present in the average surface are @intie
cylindrically-shaped samples. To assess oyster lengths, in all samples we used a ruler to measure
10 randomly selected adult and juvenile oysters (cm), or all oysters preserg iivdrerfewer

than 10.
Abiotic Data

Abiotic measurementsicluded water temperaturgQ), dissolved oxygen (mg/L), and

salinity (ppt). These data were collected using a handheld YSIPf model) at the block
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level (i.e., a single set of measurements for all three treatments in a block) at the midpoint of

each block. For the cultch reefs, abiotic data were collected at each of the three reefs.

Statistical Analyses and Data Visualization

To examine the influare of restoration treatment on frild@ng and parasite taxa
richnessover time,we used species accumulation curves in EstimateS 9.1.0 (Colwell 2019) to
extrapolate the asymptote in taxa richness and predict the accumulation of species with sampling
effort and time postestoration. Extrapolation curves were rescaled to accumulated individuals
to compare taxa richness in a standardized manner (Gotelli and Colwell 008Bs were
analyzed fobothcombined and separated crustacean and fisHifiag richness, parasite
richnesdn crustacean hostparasite richneda fish hosts and trematode richnessthe snail
host, T. obsoletaAlso, to determine how taxa richness may have changeaxhf postrestoration
for each restoration treatment, we subtracted thegsteration extrapolated taxa richness from
the final extrapolated taxa richness for each of ourliveg and hostparasite graps, and

across all taxa.

We examined the composition and structure of-ingeg crustacean and fish
communities (abundance data), as well as crustacean and fish parasite communities
(presence/absence data) using permutational analysis of variance ARERM) on Bray
Curtis similarity matrices, with restoration period (pre, gagbost12) and restoration treatment
as fixed factorsAnderson 2006 We also examined the change in snail trematode communities
across restoration periods (pre, pospost12). Permutationadispersion (PERMDISP) was
used to test for homogeneity of variant@seach factor teste@ifferenceswere significant at
the0.05level. Non-metric multidimensional scaling (nMDS) was used to visualize differences

in communities acrasrestoration period and treatment, with measurements of physical habitat
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complexity (cultch cover, oyster density) and parasite habitat complexityli{freg fish and
crustacean abundance), overlaid on the nMDS plots. Habitat measures with Pearkdionorre
coefficients of greater than [0.3] were included on the nMDS plots. Finally, analysis of similarity
(SIMPER) was used to assess which species, if any, were contributing to observed differences in
community composition and structure. Analyses werelaoted on raw abundance data for free
living fish and crustaceans because counts were generally low across species and we were
specifically interested in understanding if one or more species were driving patterns in
community compositiolPERMANOVA, nMDS,and SIMPERanalyses were conducted using

PRIMER- E software7 with PERMANOVA+ (Anderson 2005Clarke et al. 204).

Habitat complexity in all experimental treatment blocks was quantified by measuring
adult oyster densities and lengt@yster densitiegmeasured in individuals perdrwere
analyzed using linear models and data iegeransformedeforeanalysisto satisfy model
assumptions of normalityModels examined the effects of treatment, year, and block. We
compared model s uton @igrioA(RIG)iakdeepasdrdsults from the
lowestscoring model, which included treatment ofllyu k e y éhec tgste were performed to
assess pairwise comparisons among reef treatrf@R{<OC, SB)Differencesveresignificant
atthe0.05level. Lengths of adult oysters were analyzed using Bayesian linear mixed effect
models. Adult oyster lengthen) were logtransformedeforeanalysisto satisfy model
assumptions of normalityModels examined the fixed effects of treatmgatar, and block. We
compared model s using Akai ke 0sdresuttsffrommthedull i on cr
additive model, whiclmadthe lowest AIC scoreVe compared the differences between the
significant factors of treatment and year using the Kenward Rogers si@ffeeedom

approximation. Contrasts are considered significant at the 0.05Adivehbitat complexity
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analysesvereperformed in Rversion3.5.2(201812-20)) usingR core functionalitythe bime

(Chung et al. 200)3IsmeangLenth 2016) andmultcomp(Hothorn et al. 2008) packages.

Finally, as past studies have shown that
Kamiyaet al. 2014; Wood & Johnson 2016@ve wanted to assess the strength of the correlation
between hosts and their patas in our system. To do so, we used linear regressions to look for
significant and positive correlations between parasite andifiag taxa richness. We made the
following comparisons: 1) taxa richness of Hieéng crustaceans and fish with tremagod
richness froni. obsoletasnails; 2) taxa richness of fréiging crustaceans with crustacean
parasite richness; and 3) taxa richness oflivéeg fish with fish parasite richness. Richness
data were square root transformed and only positive valeesz@ros excluded) were included
in regression analyses because we were interested in examining whether the presence and
number of parasite species could be used to indicate the presence and numbdivioigfree

species. Linear regressions were perforogdg JMP Pro 14.1.

Results

Impacts of Restoration on Freéving and Parasite Taxa Richness and Sessile Invertebrate

Biomass

To determine the influence of restoration design on residenlifieg and parasite taxa
richness in our system over time, e@nstructed rarefaction curves based on observed taxa
richness and then extrapolated the asymptote in richness for each compagso8Z and 3
Across all frediving and parasite groups, richness showed a positive chapgar post
restoratioron averaggFig. 3, although within groups there were exceptions based on

restoration design. Notably, the change indr@@g crustacean richness was positive for SB,
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but not OC, CR, or the control plots (CP). Similarly, the greatest positive changle freg

living richness postestoration was associated with the SB treatment. Crustacean parasite
richness increased passtoration in all treatments, including the control. Fish parasite richness
showed a negative changg/dar postrestoration for OGnd SB, while CR and CP showed little
change Fig. 3).In addition, snail trematode parasite richness showed a positive chaege 1
postrestoration across all blocks. Across all taxa, there was no significant differenee0(66,
p=0.65) in restorabin treatment on taxa richness grear post restoration; however, on average,
the SB treatment demonstrated the greatest positive ahapgoximately two times that of the

CP (Fig. 3).

In contrast, restoration design did have a significagt:F5.633, p = 0.023) influence
on the biomass of sessile invertebrates (primarily tunicateMitkgula spp.) that recruited to
fouling plates following a énonth exposure period. In this case, the OC treatment supported
greater biomass of fouling organisithan CP and CR, with SB having the second highest

biomasqFig. S4.

Impacts of Restoration and Season on Community Structure and Assembly

Fish and crustacean (both frid@ng and parasite) community composition changed with
time (prerestoration pos6, and postL2), but did not differ among restoration treatments (OC,
SB, CP, Table S1, p> 0.05 for restoration treatment and for restoration treatment by time
interaction). Below we describe changes in community composition with time across all

treatments.

The most abundant frdving fish species in the preestoration period (March and May

2018) was the naked goby, whereas feather blenny and oyster toadfish were the most abundant
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species JunidNovember 2018 (po<t), followed by the striped blenny fromauary May 2019
(post12, PERMANOVA posthogairwise tests fotime: p < 0.01, Table S). Thus, fish
communities shifted from a single dominant species (naked gobyggiaation to a greater
diversity of fish postestoration. Some of these changes in fish communities were associated
with seasonal changes in temperature and dissolved oxyme® A, Table SP Further, salinity
increased with distance from the creek mouth, and communities at sites farther from the creek
mouth were more similar to one another than communities at sites closest to the creek mouth

(Fig. 4A, Table S2).

Forty-nine percenof thefreeliving samples contagdfish infected withparasiteswith
the most common parasite group being trematodes (larval metacercarial cysts and adult worms),
followed by cestodes, and nematadegrasite communities using fishtassts also changed
with time, shifting from communities dominated by cestodeg@storation to communities
dominated by trematodes 12 months after restoration-{@&)sh all treatmentsHig. 4B, Table
S1, pairwise tests pre vs. pek2, p = 0.022). Tése changes in parasite communities of fish were
correlated with seasonal changes in temperature, witFepomthmunities being more similar to
pre-restoration communities (posthoc pairwise tests, p = 0.621) than thostmmunities
(Fig. 4B,p=0.008).The abundance of parasites in fish hosts, particularly larval cestodes, was
most likely driven by striped blennies, as these were the dominant speciegesigiéat fishes
collected across all of our treatmernitsljle S3. However, nematode presence rhaye been
driven primarily by the abundance of oyster toadfidhtéo) (Fig. 4B, Table S4)Notably,
nematodes were not present in any samples after September 2018 (3 montst@asion),
while trematode cysts were only found in samples beginning eight monthepmsation across

all treatments.
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For freeliving crustacean communitiedieg most abundant species before habitat
addition (prerestoration) were grass shrir{ffpalaemonetespp.)across all treatments (CP, OC,
SB).P. herbstiiand snapping shrimf@lpheusspp.)became the most abundant species after
restorationTable S5pre vs post6 vs. postl2, PERMANOVA posthoc pairwise te$?s0.01).
Across the trajectory of restoration (pterough postl2), P. herbstiiandD. sayiwere the two
most abundant crustaceans sampled from our treatifTatike S3).The average number Bt
herbstiiwas greatest in September 2018, whereas the mean abundBnsagipeaked in May
of both 2018 and 2019 &ble S6)These changes in crustacean communities were correlated
with seasonal changes in temperature and dissolved oxygerlC, Tables2). Similar to the
trend for freeliving fish species, salinity increased with distance from the creek mouth, with
communities at sites farther from the creek mouth being more similar to one another compared to

those closest to the creek mouftlalfle S2)

Sixty-five percenbf thecrustacean hosamplesvere infected wittparasiteswith the
most common parasite group being larval trematodiésdphallidaemetacercarial cysts),
followed by the entonisci@ancrion carolinuscestodes, nematodes, and finally the
rhizocephalan barnacleoxothylacus panopaebimilar to freeliving crustacean communities,
parasite communities using crustacean hosts changed with time, with nematodes, cestodes, the
entoniscidC. carolinus and tle rhizocephalah. panopaepnly found in postestoration
samplegTable S1pairwise tests, pre vs. peBtvs. postl2,p < 0.03). In contrast to trematodes
in fish hosts, the trematodes in crustacean hosts were found both before and after restoration
aaoss all treatments. Parasite communities that included the entadiszagolinuswere
positively associated with higher oyster densities and negatively associated with cultch percent

cover Fig. 4D, Table SR More diverse crustacean parasite commusitiere positively

126



associated witl?. herbstiiabundance and negatively associated with dissolved oxygen levels

(Fig. 4D, Tables S2 and S5).

Finally, trematode community composition in the snail hbsgbsoletachanged with
time, withLepocreadium sesfoidesbeing more common p@storation and Xfhonths post
restoration, whereas immature infection stagesHinthsthla giisséensiswere more common
6-months postestoration [fig. S5, Table SFost6 vs. postl2,p = 0.01). Differences in
trematode community composition were associated with seasonal shifts in temperature and
dissolved oxygen, as well as differences in salinity and percent cover of ¢ufcls9. Snails
were most often infected ligreetrematodespeciesl(epocreadium setiferoidegoogonus
lasius andStephanostomum terjuall of whichrequire fish as final hosts (Phelan et al. 2016).
Overall fish-usingtrematodesiccounted for 85% of the total trematode infections in snails,

whereadird-usingtrematodesnade up <15%Table S7).

Impacts of Restoration Design on Habitat Complexity

We analyzedadult oyster density and length among treatments (CP, OC, SB) to
determine whether habitat complexity was influenced by restoration design. Foebsity and
length of adult oysters, pairwise comparisons were made among measurements in each treatment
using data collected in 2018 and 2019 (2 and 13 monthsegxgistation). Oyster densities
differed significantly between treatments (p = 0.0018) notitexperimental blockg able 14
Density was greatest in the OC treatments, followed by the shell bags (Fig. 5). However, this
difference in adult oyster densities between the two restoration substrates was not signiicant (p
0.1472).Posthoc compasons showed that densities were significantly different between oysters

in the OC and CP treatments (p = 0.001).
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Differences in oyster lengths were significant at the treatment level (p = <2:®)xabal
between collection events in 2018 and 2019 (p08@L391) Table 1b. Across all treatments,
the mean oyster length increased from 2018 to 2BiP §. However, the change in mean
length from yeato-year differed among treatmen®n average, the length of adult oysters
associated with SB reefs didtrchange between years, while those growin@Grreefs were

much larger in 2019 (p < 0.0001).
Correlations between parasite and friging taxa richness

To determine if parasitechnesscould inform freeliving richnessand therefore also
provide information on community biodiversity, we regressed patasiterichnes$or our three
major parasite groups with either crustacean or fishlive® taxa richnessollected from our
passive sampler§ig. S6).We found wek (R? < 0.2) but significant (g< 0.05) correlations
betweersnail trematode richness and fish fleng richness, crustacean parasite taxa richness
and crustacean frdiving taxa richness, and fish parasite taxa richness and fisliviireg taxa
richness. There was no trend observed for snail trematode richness and crustadiamfree

richness.
Discussion

Restoration projects are designed to promote ecosystem functionality, with enhanced
bi odiversity often cit @a, Naesm 2016k Ehe restorationha r i o n
biogenic oyster reef habitat, in particular, has been shown to enhance community biodiversity by
creating structural complexity for a variety of sessile and mobile taxa, at all stages of
development, and across numgdaxonomic and functional groups (Coen et al 1999). Because

hostparasite interactions are sensitive to changdmbitat quality and land usefollows that
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adding habitato enhance native biodiversity should lead to increasbstimparasite andrée

living biodiversity (Lafferty 2012)Mor eover , as b i ¢@aragitesrcaniptowde A sur r
evidencof t hei r heventos an eghemeral ba@@siseh et al. 1997sch et al.

2001) and are therefore useful in identifying habitat eslag more elusive or difficult to sample

hosts (Byers et al. 2011 the sections that follow, we discuss how adding structured habitat

affected the hogparasite community response over time.

Community Changes Preand PostRestorationand Seasonal Influences

Forfreeliving taxa (crustaceans, fish) and their parasites, as wiilkasematodes
infectingT. obsoletawe documentegbositive increasein richnessl-year postrestoration
across all tax@Fig. 3; Figs. SZ53). Becausere and postrestoration comparisanvere
performed within the same season (winter/spring 2038inter/spring 2019)these results
suggest that these positive changiesobservedavere due to restoratiestimulated increases in
diversity among our frebving species and parasite surrogates. Surveying for parasites
therefore provided amore holisticunderstanding of the broader community responsalbitat
restorationPast studies, notably Hechinger et al. (2007), have documented the importance of
parasies in community investigations and their strong links to-liréeg biodiversity. Our study
also demonstrates that parasites can provide key evidence for understanding changes in
biodiversity following habitat alterations, such as adding habitat forregi&to projects, and that

these changes can be fairly rapid.

Thegreatespositive change in extrapolated richnassoss all treatmentxcurred
amongthe freeliving fish speciegFig. 3, with similar shiftsdocumented by our community
analysegFig. 4). We found that naked gobiéS. bosg were moreabundant in there-

restoratiorperiod, but postestorationthe fish communityransitioned to reefesidentfeather
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blenries(H. hent, oyster toadfislfO. tau), and striped blennig€. bosquianu® with the

latter species becoming completely domiriagear following restorationfCompared to blennies
andoystertoadfish naked gobies are habitat generalestsl areoftenfound inbothmudflatsand
structured benthic habitatalfle & Fahay 2010Moore & al. 2018) whereas reeffesident

blennies exhibit strong site fidelity to specific rgeftches throughout their lives (Harding et al.
2019). A multiyear tagging study by Harding et al. (2019) demonstrated that blennies were
recaptured within Ineter oftheir original location as much as 50% of the time, while the
recapture rate for naked gobies was 9%. A high abundance of blennies can thus serve as an

indicator of habitat complexity at small scales (Harding et al. 2019).

Moreover, the shift in speciemmposition in our systeinfrom gobyto-blenny
abundancé suggests that a ree#sident fish community had developed in response to the
increased availability of structured habifgig. 5).In addition, seasonal influences on fish
communities were identiféein our community analyses. For example, striped blennies migrate
to deeper areas of mudflat reefs in winter (Kells & Carpenter 2011), which is perhaps why they
were most abundant in our stital collectors in March 2018 and January 201&b{e S6,
whereas the abundance of feather blennies peaked during the September/November sampling
events Table S§. Both species spawn in summer over oyster reefs (Kells & Carpenter 2011),
and there would likely be competition for nesting habitat that would remfoartitioning of

reefassociated niche spaceémont 2013

For the frediving crustaceand? herlstii remained abundant throughout the study
period.However, shrimp species shifted over time, with gslssnp Palaemonetespp.,
dominatng pre-restoation totals across all treatmerasmidsnapping shrimpAlpheusspp)

becoming more abundapbstrestoration Snapping shrimp are more characteristic of oyster
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reefs and other structured halst@williams 1984) On the other handyrass shrimp are
generalists and can be found in many estuarine environments (Eggleston et aPE9&)s
studies have documented spegpscific residency patterns Bf herbstiiandE. depressum

oyster reef microhabitat in response to restonaffideyer & Townsend 20005regalis et al.

2009; Hadley et al. 2009Panopeuserbstiiis often associated with loose oyster shatdlthe

base of reeffMcDonald 1977; 1982Meyer 1994), which is perhaps why it was so frequently
sampled in our subdal cllectors. Compared . herbstij the flatback mud cral. depressus

is more often found in elevated sections of the reef (Gregalis et al. 2009) amidst smaller shell
clusters (Hadley et al. 2009). In our stuBly depressuwas the least abundant mud crab
sampled Table S3, which we may be due to our use of giglal collectors as opposed to shell
rubble trays lodged within the reef itself (i.€regalis et al. 2009; Hadley et al. 2008mong
crustaceanseasonal habitgtartitioning is another important feature of functionally complex
oyster reef habitat (Meyer 199@rabowski 2004; Grabowski & Powers 2004; TolleWw&lety
2005; Hughes & Grabowski 2006), and we documented alternating patterns of residency among
some of he most abundant species in our system. For example, the average numlbberbstii
was greatest in September 2018, while the mean abundaDcsafipeaked in May of both

2018 and 2019Table S6)which may suggeshat there is seasonal partitioniofyreet

associated refuge space between these two species.

Differential use and occupancy of reef habitat would likewise have implications for
parasite transmission, particularly under changing abiotic conditions. Factors like temperature,
dissolved oxygn, and salinity were correlated in our models with shifts in community
composition for all frediving hosts and their parasitdsig. 4A-D). This is noteworthy because

trematode larvae (e.g., egg and cercarial stages; Fig. 1) are vulnerable to envabsinmessors
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(Rohde 2005), as are larval cestodes (Pietrock & Marcogliese 2003). For examplesature
extremescan compromise egg development (Morley & Lewis 2017) andliigy of these
parasites to infect a wide varietysgcondintermediate host(Upatham eal. 1984; Sawabe &

Makiya 1995).

However, not all potential hosts in a miitbsst community will contribute equally to
parasite transmission, particularly for trematodesnfon et al. 20)5Multiple studies (e.g.,
Byers et al. 2008; 2016; Thieltges 2016) have concluded that final hosts are more important for
stabilizing trematode communities over time and contributing to hot spots of infection. However,
in addition to final host abundanc&ong & Proctor (2020pund that théime availableto hosts
for colonization was more important for explaining parasite prevalence in crustacean
intermediate hosts than the abundance of hosts themselves. Similar to Song & Proctor (2020), we
found that tme was a significant factor for all investigated t@kable S1)Some studiebave
shown a lag in the response of parasite commuitid®ther taxa to recruit to restored habitat,
perhaps because of the initial disturbance imposed by restoratioriHisstfeni & Lafferty
2004; Morley & Lewis 2007; Henson et al. 2009; Anderson & Sukhdeo)28%3uch, the age
of the habitat (i.e., time available for host colonization) would be expected to play a major role in
structuring parasite communities (Song & &ow 2020), as hosts would require time to colonize
the area pogtestoration. It is also reasonable to expect that some hosts, particularly mudsnails,
which are more abundant on mudflats as opposed to structured habitat (Scheltema 1964; Curtis
2002), woull have been infected before our-{pestoration monitoring. As firshtermediate
hosts for larval trematodes, snails are infected for Gigrjs 2002, and infrapopulations of
trematodes in mudsnails can persist unchanged for long pe@adss(& Tanrer 1999.

Moreover, past work has demonstrated significant positive increases in trematode diversity
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approximately 5 years following a saltmarsh restoration project (Huspeni & Lafferty 2004),
suggesting that it may require additional time for clear pat®® emerge in snaitematode
systems following habitat changes. While our study showed positive increases in trematode
richness in the treatment blocks afteyelar of monitoring Fig. 3),longerterm monitoring may
reveal more substantial changes agged with restoration. In contrast, parasite prevalence and
richness may be more indicative of seaBmeeason changes or other ecosysierel

interactions, such as habitat use, for hosts and their par&stgsdt al. 2001 In our study,
trematodecysts in secondhtermediate fish and crustacean hosts were only found in samples
beginning 8months postestoration; thereafter, these parasites were increasingly prevalent in
our data(Table S). These patterns suggest that trophic complexity can yapicllease

following habitat restoration.

Restoration Desigmifferentially Affects Community Diversity and Habitat Complexity

Structurally complex habitat can be a major driver of biodiversity (Luckenbach et al.
2005;Kovalenkoet al. 2012; Gittman et al. 2016), and we found that restoration design and
associated habitat measures influenced-pasdsite taxa richness and habitat complexity. For
parasiteshosts ardypically conceptualizedashabi t at 0 (e. ggndihBbdchatet
het er o g e, mastdiversity)s (ften identified athe maindriver of parasite diversity
(e.g.,Johnson et al. 2016n theory, adding physical habitat to a system should have a
synergisticeffect on hosparasite diversiy enhanang niche diversity and/or resource

availability would promote habitat use by a variety of species (Rosenzweig 1995), many of

which al so serve as A h alRossitena& Sukhfleo 201f)andthag i t e s .

habitat complexity was a strong pretdr of parasite transmission in freshwater stream

communities and also fostered higtevrel trophic interactions. Also,vile species richness
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often positively correlates with habitat complexity (Diehl 1992; Kelaher 2003), tropddtated
processes li& predatoiprey dynamics are also linked (Hughes & Grabowski 2006), and habitat
complexity in generalcan modify trophic interactions on oyster reefs (Grabowski 2004). For
example, in a study by Grabowski & Powers (2004), both foraging rates ofnatoshnd

predator foraging efficiency were higher in more complex reefs, implying that other trophic
mediated processes like parasite transmission should likewise increasasmwitlcomplex

habitat (Rossiter & Sukhdeo 2014).

For the crustacean and fisleddiving taxa and the parasites of crustacean hosts, we
observed a treatment effeciy@arpostrestorationwith taxarichness being higher in the SB
treatment versus the OC treatment, and across all taxa, the SB treatment was 3x greater than OC
and 2x greater than CP on averélgig. 3; Figs. S2). As habitat, shell bagsffer a large and
contiguous volume of refuge spadaylor & Bushek (2008) obsesd that motile macrofauna
Ai mmedi atelyodo recruited to recently built she
Paynter (2006) in a similar study conducteth@Chesapeake Baifven so, this result was
surprising considering th&C reefs wes superior to the SB treatment in terms of habitat
complexity Fig. 5).However, this did not equate to a straightforward increase irplaoasite
diversity within the time frame of our investigatidbe ns e patches of fdAcl umpe
shell bags caenhance larval settlement and recruitment of estuarine organisms relative to more
dispersed habitat configuratioddrton & Shima 2018 which may explaiwhy taxa richness
was higher irthe shell bags even though they were inferior tdQfereefan terms of habitat
complexity(Fig. 5).Also, recent work has shown that oyster density is a poor predictor of
richness in intertidal reefs, but density can be a strong predictor-tidslibeefs Tice-Lewis

2018. Our experimental reefs were constructethmintertidal zonesgeMethods), which may
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explain why richness was lower in the OC reefs despite oyster density being much greater.
Nevertheless, the OC treatment did recruit greater biomass of sessile, fouling organisms
(particularlyMolgulaspp.) compred to the SB treatmeriigure S4)In the first 12 years post
restoration, this may suggest that metrics like oyster density and length in restenethl reefs

are important as indicators of the fouling commudityrganisms that will subsequently provide
resources for secondary taxa like crustaceans and fishes. Although the shell bags showed
evidence of a treatment effect in the short term (< 15 months¢sistation), Oyster
CatchersE may outperform these structures ove
fouling organisms and are more conducive to oyster growth and reef development relative to
shell bag structure$(g. S9. Alternatively, theseesults may indicate that taxa respond

differently to restoration design features. Lonrtgm monitoring should be used in future

studies to help understand these trends (i.e., Baggett et al. 2015). However, this also reinforces
the need to carefully coiter restoration goals (Baggett et al. 2015), as common performance

indicators, |ike taxa richness, may not al way

In our model runspercent cover of cultch was also found to be an important habitat
metric, as iinfluenced snail andrustaceaparasite richnesas well acrustaceaparasite
community structureHig. 4, Table S2)This may explain whyhe control plots demonstrated
positive changes in richness and shifts in community compositiosrggistation(Fig. 3; Figs.
S2-3). Prerestoration, the controls were not completely devoid of habitat, as there were scattered
and partially buried clumps of live oyster and cultch present. The controls had some of the
largest adulbysters (Fig. 5)although these were feand far less dense compared to the OC and

SBreefs (Fig. 5)Scattered shell would tend to concentrate motile organisms in the absence of
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any other structure. However, the lack of smaller oysters in these plots would indicate that these

areas are recruitemtlimited due to the lack of suitable substrate.
Study Limitations and Future Work

Limitations to our study could come from several sources. First, as outlined in the
Methods we were unable to replicate natural reefs in our experimental desigshditedine
environment in the Rachel Carson Reserve is rapidly changing duelevskase and wave
energy from persistent southwest winds and boat wakes in the summer months. Further, the
opening of Beaufort Inlet in 2016 resulted in two previouslytified natural reefsqeeKeller et
al. 2019) being buried and/or eroded away prior to the onset of our project. Thus, we only
collected data from a single natural reef, which we could not analyze using inferential statistics,
although we present these @at a summary tabi@able S3)Follow-up studies should include
natural reefs within a similar spatial context to better understand how restoration methods

compare to natural processes.

Second, while host and parasite richness were positively correlated systen{Fig.

S6)we were | imited by a detailed understanding
hosts and their parasites (i.e., all developmental stages of parasites in all potential hosts in our
system). This level of analysis is gegally not feasible in most parasite ecology studies, which
often work instead at the fcompostagenirtadsingleevel (
host)(Bush et al. 1997By targeting key intermediate hosts like mudsnails, xanthid cralls, a

abundant benthic fishes, we are assembling a picture of the larger community of hosts and
parasites by focusing on its principal compon

communityo without needing to s armpdrletheevery t a
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cryptic and elusive ones (Byers et al. 2011). Thus, even without a complete understanding of the

hostparasite community, parasites can still serve as indicators of trophic complexity.

Finally, we recognize that the placement or size of habitat patches could be influencing
other treatments in our study our experimental design, we followed the guidelines specified
by Keller et al. (2019) for constructingreefsintlean er gy A cr e e Kilbiswarkwasr o n me r
in turn informed by earlier restoration studies (e.g., Grabowski et al. EO@&g et al. 2014)
conducted in the same general ategortantly, we made sure to account fordispersabf
hosttaxa in our experimental design, and lim@ted our inference based on the movement
ecology of these organismsegeMethodg. This is meant to satisfy the criterion established by
Knegt et al. (2010jor controlling for autocorrelation: namely, avoiding a mismatch between the
scaleofanalysised t he scale of a s pecBiaigetsityisesponse to
notoriously difficult to quantify because of issues with scedpendencesgeChase et al. 2018).
However, to control for these challenges, we purposefaitpuneédfor the scale opecies
environment relationships (i.e., movement patterns of hosts) in our sampling and analyses.
Nevertheless, the lack of differences in community composition across treatments, which were
located adjacent to one another, may be because taxa respmadeal/erall increase in

structured habitat over time.

Our results add to a body of work spanning multiple habitats and geographic regions
(e.g.,Huspeni & Lafferty 2004; Morley & Lewis 2007; Henson et al. 2009; Anderson &
Sukhdeo 20133 all of which demastrate that parasites can be used as proxies for the presence of
other host taxa in the broader community. Future studies should build upon these results by
incorporating parasites into the design of a restoration project and monitoring for at3east 2

years postestoratiori a period sufficient to account for multiple years of irdanual variation
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in monitoring datgLindenmeyer & Likens 2018). In addition, sampling broadly for parasites

and freeliving taxa is labofintensive, while snaitrematode eammunities have been argued as
comparatively easy and can yield a wealth of valuable information on the greater community
(Huspeni et al. 2005). From a practical standpoint, managers or trained volunteers could sample
parasite communities for2 years preestoration to obtain an understanding of which species

are most abundant and what hosts they require (Esch & Fernandez 1994). Ideally, sampling
would continue postestoration for 23 years to monitor changes in the relative abundance of
trematode specse as this would indicate that additional host taxa are recruiting to the system

over time.

Conclusions

In sum, we found that host and parasite taxa rapidly recruited to structured habitat after
restoration, although temporal and environmental factors were also important for explaining
changes in the hoglarasite communityin our study, the trajectory dfi¢ hostparasite response
across multiple freéving and parasite taxa suggests that overall biodiversity had increased in
response to habitat restoration, but that restoration design factored into community changes
through time. Our work offers additionavidence of the important role of parasites in coastal
communities. These diverse and fascinating organesfesa tool for quantifying trophic
complexity in restoration projects, particularly oyster régierhaps making parasites the

hidden links inhealthy ecosystems.
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Fig. 1. Trematode lifecycle diagranfrematodes are a common trophically transmitted parasite

group that use multiple hosts, typically starting with (A) gastropeldsre the trematode asexually
reproduces, producing numerous fe@mming cercariae. (B) These cercariae are shed from the

snail, where they may encyst as metacercariae in a seuenchediate host (e,gcrustaceans,
mollusks, worms, fish). (C) Thetremt ode6s second host is ingested
often a bird or fish, where sexual reproducti ¢
the marine environment with the feces of the final host. Grazing snails may ingest tgeé&)eg

and the cycle continues. Note: solid arrow frorRCRlenotes trophic transmission phase; other

arrows (DA, A-B) represent environmental transmission stages.
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Fig. 2. The Rachel Carson National Estuarine Research Re&w=aafort, N.C.and ample area
showing the experimental design within each of our 3 blocks. Reserve boundaries are outlined in
yellow. The spatial arrangement of treatments within each blaskmken down as follows

(from creek mouth, righto-left): Block 1 (P, SB, OC);Block 3 (SB, @, OC); and Block 4

(OC, SB, @). Photo credit: N.C. Coastal Reserve and National Estuarine Research Reserve.
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Fig. 3. The change in taxa richness from-pestoration to postestoration lyear later. All bars

above the »axis represent a positive change in taxa richness for the speciflosingeand

parasite groups and the bars below the axis represent a negatige. chaalast figure

represents a composite across all-fré@g and parasite taxa. Trematode parasites of the snail
host,Tritia obsoleta were analyzed at the block level rather than the treatment level, represented
by the equivalent dargray bars fothe three treatments (CP, OC, SB).
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Fig. 4.Non-metric multidimensional scaling plots of (clockwise): A) fteeng fish, B) parasites of fish hosts, C) frié@ng
crustaceans, and D) parasites of crustacean hosts. Taxa were sampagstbpaion (open symbols), 6 months p@storation (gray
symbols), and 12 months pesstoration (black symbols) from CP (triangles), OC (squares), and SB (circle) treatments. Overlaid
factors represent environmental parameters (temperature, dissolved oxygen [DO], salinity, percent cover of cultch écliiold cov
distance from the creek mouth [dist. creek]). In the case of parasite NMDS plots, biotic factors (raw abundan€® tddj<h.

bosc,C. bosquianusraw abundance of crustaceaRsherbsti) with Pearson correlation coefficients >0.3 with MDS4afxs) or

MDS2 (y-axis) are overlaid onto the nMDS pldseeTables S12, S45).
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Tables

Table 1a. Analysis of Deviance table for adult oystendgy model. ***=0.001, **=0.01

Sum of Squares  df F-value p-value
Intercept 103.352 1 456.3780 1.651e-11%+*
Treatment 4.8% 2 106558 0.001821*
Block 0.367 2 0.8114 0.465517
Residuals 2.944 13
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Table 1b.Analysis of Deviance table for adult oystengthmodel. ***=0.001

Chi Square df p-value
Intercept 3932.586 1 <2.2e16™*
Treatment 127.469 2 <2.2e16***
Year 14.515 1 0.0001391**
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Fig. S1.Treatmentsn each block design

Prerestoration (topyhoreline consisted mostly of mudflat and areas with scattered cultch and live Bygeeimental treatment

blocks consisted of (from lefo-rightynor e st or ati on control s, shel Ilcenter&agosg moathsd Oy st e
restoratioiDecember, 2018pottom = postl2 monthy Sept ember , 2019] ). The comprghtents of
bottomright) are initially tied together with bailing wire. Over time, the wire corrodes and the structure becomeafsetfing

following growth and subsequent recruitment of juvenile oysisto credits: Rachel Gittman.
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Fig. S3.Extrapolation curves of parasite taxa richness scaled by the number of individuals for the three restoration periods. The top

row represents parasites of crustacean parasites; tdéemaigv is parasites of fish hosts; and the bottom row is trematodes of the snail
host, Tritia obsoleta The latter parasite group was analyzed by block level; the upper two were analyzed at the treatment level.

161



2.0 -

§ ?
2 1.5 - 1
©
£
E 1-0 = B B
o |
£ I
E 0-5 =
)
e

0.0

CP oC SB CR

Fig. S4.Biomass in grams (g)f sessile, fouling organisms following simonths in the field at each of our sites. Thaxis represents
the restoration treatments (CP=control plot; OC=0yster Catcher; SB=shell bag) and the presstosdy cultch reef (CR). Letters
above the banepresent significant differences (p < 0.05) among treatmentsin-amst Tukeyds t est.

162



2D Stress: 0.12
O
14
A
A
A
A |
o]
A
Salinity
0- Y
ol
g o]
T f
= Doﬁ// emperature
A Culich Cover m
- o
[ |
A
| | I |
-2 -1 0 1
MDS 1

Fig. S5.Non-metric multidimensional scaling plots of snail trematode parasites samplegsfsation (open circle), 6 months post
restoration (gray square), and 12 months-pestioration (black triangle). Overlaid factors repregenironmental parameters
(tenmperature, dissolved oxygen [DO], salinity, and percent cover of cultch [cultch cover]) with Pearson correlation coefli@ents
with MDS1 (x-axis) or MDS2 (yaxis) (Table S2).

163



2.5 3 2.5
R2=0.16; p=0.006 R2=0.12; p=0.003

R2=0.10; p=0.002

Fish Free-living Taxa Richness
Fish Free-living Taxa Richness

Crustacean Free-living Taxa
Richness

[ XN TI1TX] L] LR _J L .
0.5 0.5 0.5 ee s ®
0.5 1 1.5 2 25 0.5 1 1.5 2 2.5 3 0.5 1 1.5 2 2.5
Snail Trematode Richness Crustacean Parasite Taxa Richness Fish Parasite Taxa Richness
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SupplementalTables

Table S1.Results from twefactor, time (pre, poss, and posfL2) and restoration treatment (OC, SB, CP), PERMAN@/Bray
Curtis similarity matrices$or free-living fish abundancgefish parasitgpresence/absenceeeliving crustaceambundanceand
crustacean parasipgesence/absencandonefactor (restoration timing) PERMANOVA on Brayurtis similarity matrices fosnalil

parasitgoresence/absende-values inbold are <0.05.

Community Unique
Source df SS MS PseudeF P (perm)  permutations
Freeliving  Time 5 16343 8171.6 5.8255 0.001 998
fish Restoration reatment > 1541.8 770.9 0.54958 0.847 998
Time x Treament 4 4296.8 1074.2 0.7658 0.729 997
Residuals 62 86969 1402.7
Total 70 1.0899E+05
Parasitesof  Time > 3503.5 1751.7 3.4031 0.016 998
fishhosts — — ratiorT reatment 5 1808.8 904.4 1.757 0.173 999
Time x Treament 4 2441 610.24 1.1855 0.319 999
Residuals 62 31914 514.74
Total 70 39177
Freeliving Time 2 21922 10961 6.7914 0.001 997
crustaceans o atiorTreatment > 1865.1 93256  0.57782 0.843 999
Time x Treament 4 4674.9 1168.7 0.72416 0.813 999
Residuals 62 1.0006E+05 1613.9
Total 70  1.2831E+05
Parasites of  Time 2 6679.8 3339.9 4.653 0.003 999
ﬁg“ssttsacea” RestorationTreatment 5 311.6 155.8 0.21705 0.889 999
Time x Treament 4 1263.7 315.93 0.44014 0.865 999
Residuals 62 44503 717.79
Total 70 52656
Snail Time 2 4670.4 2335.2 2.5714 0.022 999
parasiies  pesiduals 27 24519 908.13
Total 29 29190
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Table S2.Pearson correlation coefficients for environmental variables associated witivifrgdish and crustacean communities.
Correlations are shown for each nMDS axis and coefficients with an absolute valuerdfigtgeo are shown on the nMDS plots
(Fig. 4A and 4G.

Distance Marsh Cultch
nMDS from Creek Water Dissolved Edge Oyster Percent
Community  Axis Mouth Salinity  Temperature Oxygen Elevation Density Cover
Free-Living MDS1 -0.35 -0.39 -0.58 0.40 -0.27 0.15 -0.17
Fish MDS2 -0.16 -0.21 0.25 -0.44 0.11 0.11 0.21
Free-Living MDS1 -0.06 -0.24 -0.21 0.04 0.12 0.02 0.06
Crustaceans —yns; -0.08 -0.24 -0.58 0.69 -0.22 -0.20 -0.09
Parasites of MDS1 0.16 -0.17 -0.20 0.18 0.02 0.02 -0.16
Fish Hosts 553 -0.05 0.15 031 0.18 0.23 0.22 0.21
Parasites of MDS1 -0.04 -0.25 -0.25 0.30 0.02 -0.26 0.14
Crustacean
Hosts MDS2 -0.01 -0.03 -0.15 0.04 -0.10 0.23 -0.36
Trematode MDS 1 -0.07 0.32 0.53 -0.36 0.18 -0.06 0.34
Parasites of
T. obsoleta MDS 2 0.2 0.14 -0.01 -0.08 -0.28 0.14 -0.23
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Table S3.Mean abundances (and SE, n/treatment) ofreglent (R) and transient (fBuna across treatments.

Treatment

Common Name Scientific Name OyNs?(:?Etlaef* iAO;;tsrgl ga{(s:theér Shell Bag C;étgp Mean**
3.04 3.30 2.96 2.38

Atlantic mudcrab (R) Panopeus herbstii 3.75(0.49) | (0.49) (0.49) (0.48) (0.48) 2.92
_ _ 4.5 (2.44) 3.13 2.09 1.75 2.08

Grass shrimp (T) Palaemonetes pugio (1.25) (0.51) (0.46) (0.64) 2.26
_ _ 1.38 (0.38) 2.17 1.91 1.83 1.67

Snapping shrimp (R) Alpheusspp. (0.39) (0.32) (0.44) (0.35) 1.90
1.88 1.43 1.92 1.33

Say's mudtrab (R) Dyspanopeus sayii 0.25(0.25) | (0.51) (0.48) (0.50) (0.50) 1.64
Panopeidae (juv. <5 mm) 0.83 1.22 0.75 1.46

Unknown muccrabs (R) 1.38 (0.56) | (0.42) (0.47) (0.32) (0.61) 1.07
. Chasmodes bosquianus 0.54 1.04 1.04 1.08

Striped blenny (R) 1(0.42) (0.28) (0.62) (0.49) (0.43) 0.93
0.83 0.65 0.83 0.88

White-fingered mudcrab (R)| Rhithropanopeus harrissi 0.63 (0.26) | (0.28) (0.20) (0.22) (0.23) 0.80
_ _ 0.13 (0.13) 0.25 0.65 0.63 1.21

Peppermint shrimp (R) Lysmataspp. (0.12) (0.40) (0.32) (0.57) 0.69
Gobiosoma bosc 0.29 0.30 0.54 0.67

Naked goby (R) 0.63 (0.33) | (0.12) (0.10) (0.20) (0.21) 0.45
0.33 0.22 0.25 0.21

Feather blenny (R) Hypsoblennius hentz 0.25 (0.25) | (0.11) (0.12) (0.12) (0.13) 0.25
_ Opsanus tau 0.17 0.22 0.29 0.29

Oyster toadfish (R) 0.13 (0.13) | (0.10) (0.09) (0.11) (0.09) 0.24
0.17 0.22 0.13 0.08

Sheepshead (T) Archosargus probatocephalu 0.13 (0.13) | (0.10) (0.12) (0.07) (0.06) 0.15
0.13 0.13 0.04 0.25

Pinfish (T) Lagodon rhomboides 0 (0.07) (0.07) (0.04) (0.18) 0.14
0.08 0.09 0.08 0.17

Flatback muatrab (R) Eurypanopeus depressus 0.5 (0.27) (0.06) (0.06) (0.06) (0.10) 0.11
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0.09 0.13 0.04
Grey snapper (T) Lutjanus griseus 0 0 (0.09) (0.07) (0.04) 0.06
0.04 0.04 0.08 0.08
Stonecrab (R) Menippe mercenaria 0.38 (0.18) | (0.04) (0.04) (0.06) (0.06) 0.06
0.04 0.04 0.04 0.04
Blue crab (T) Callinectes sapidus 0.13 (0.13) | (0.04) (0.04) (0.04) (0.04) 0.04
0.04 0.08 0.04
Darter goby (R) Ctenogobiuboleosoma 0 0 (0.04) (0.08) (0.04) 0.04
0.08 0.04
Lane snapper (T) Lutjanis synagris 0.13(0.13) (0.08) (0.04) 0 0 0.03
0 0.04 0.04
Spidercrab (T) Libinia emarginata (0.04) 0 (0.04) 0 0.02
. , Squilla empusa 0.04 0.04
Mantis shrimp (T) 0 (0.04) (0.04) 0 0 0.02
0.04 0.04
Mummichog (T) Fundulus heteroclitus 0.13(0.13) | O 0 (0.04) (0.04) 0.02
0.04 0.04
Skilletfish (R) Gobiesox strumosus 0 0 (0.04) (0.04) 0 0.02
0.04 0.04
Rock seabass (T) Centropristis philadelphica | 0 (0.04) 0 0 (0.04) 0.02
0.04
Belted sandfish (T) Serranus subligarius 0 0 0 0 (0.04) 0.01
0.04
Slippery dick (T) Halichoeres bivittatus 0 (0.04) 0 0 0 0.01
0.04
Spotted hake (T) Urophycis regia 0 (0.04) 0 0 0 0.01
Epinephelus morio 0.04
Red grouper (T) 0 0 0 0 (0.04) 0.01

* denotes data with only 1 treatment replicate
** does not include Natural Oyster Reef
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Table S4.Pearson correlation coefficients for frigang fish species sampled in conjunction with fish parasite communities.
Correlations are shown for each nMDS axis and coefficients with an absolute value of 0.3 or higher are shown on thesaMDS plot
(Fig. 4A ard 4C).

MDS1 MDS2
Naked goby Gobiosoma bosc -0.22 0.35
Darter goby Ctenogobius boleosoma 0.12 -0.05
Striped blenny Chasmodes bosquianus -0.09 0.5
Feather blenny Hypsoblennius hentz 0.01 0.2
Oyster toadfish Opsanus tau -0.58 -0.27
Skilletfish Gobiesox strumosus 0.03 0.14
Sheepshead Archosargus probatocephalus 0 0.23
Mummichog Fundulus heteroclitus 0.09 -0.03
Pinfish Lagodon rhomboides -0.11 0.04
Rock seabass Centropristis philadelphica 0.09 -0.03
Gray snapper Lutjanus griseus 0.16 -0.06
Lane snapper Lutjanis synagris 0.11 -0.03
Belted sandfish ~ Serranus subligarius 0 0
Slippery dick Halichoeres bivittatus -0.04 0.25
Red grouper Epinephelus morio 0 0
Spotted hake Urophycis regia -0.09 -0.1
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Table S5.Pearson correlation coefficierfty freeliving crustacean species sampled in conjunction with crustacean parasite
communities. Correlations are shown for each nMDS axis and coefficients with an absolute value of 0.3 or higher aretslown on
nMDS plots (Fig. 4A and 4C).

MDS1  MDS2
Atlanticmud crab Panopeus herbstii -0.37 -0.08
Flatbackmud crab Eurypanopeus depressus 0.1 -0.21
White-fingered mudcrab Rhithropanopeus harrissi -0.17 0.07
{ I & Q&rabr dzR Dyspanopeus sayii -0.23 0.02
Unknown mudcrabs -0.11 -0.12
OX pdPnd YYU
Blue crab Callinectes sapidus 0.23 0
Stone crab Menippe mercenaria 0.01 -0.11
Spider crab Libinia emarginata -0.26 0.03
Grass shrimp Palaemonetes pugio 0.1 -0.16
Snapping shrimp Alpheusspp. -0.11 0.17
Peppermint shrimp Lysmataspp. -0.13 0.02
Mantis shrimp Squilla empusa 0 -0.05
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Table S6.Mean abundances (SEymgnth of siteresident (R) and transient (T) fauna across samplegts

Sampling Months

Common Name Scientific Name March, | May, | August,| September, November,| January, | March, | May,
2018 | 2018 | 2018 2018 2018 2019 2019 2019
1.85 231 |3.00 2.00 1.23 3.92
Atlantic mudcrab (R) Panopeus herbsti| (0.34) | (0.43) | (0.62) | 5.92 (0.87)| 3.69 (0.35) | (0.44) (0.44) (0.45)
Rhithropanopeus| 1.15 092 |0.31 0.62 1.38 0.83
White-fingered mudcrab (R) | harrissi (0.3) (0.30) | (0.13) | 0.69 (0.25)| 0.38 (0.23) | (0.30) (0.44) (0.33)
Eurypanopeus 0.23 0.08 0.08 0.33
Flatback mucrab (R) depressus (0.12) | (0.08) | O 0.15 (0.15)| 0.08 (0.08) | (0.08) 0.15 (0.1)| (0.18)
Dyspanopeus 0.08 4.15 |0.69 0.69 0.77 4.42
Say's mudrab (R) sayii (0.08) | (0.64) | (0.41) | 0.92(0.48)| 0.77 (0.41) | (0.25) (0.25) (0.98)
0.46 0.15 |4.23
Unknown mudcrabs (R) Panopeidae (0.26) | (0.15) | (0.92) | 3.54(0.69)| 0.23(0.12) | O 0 0
Menippe 0.08 0.15 0.08 0.17
Stonecrab (R) mercenaria (0.08) | O (0.1) 0.15 (0.1) | 0.08 (0.08) | (0.08) 0 (0.1)
0.69 1.31 | 1.38 3.15 1.69 15
Snapping shrimp (R) Alpheus spp. (0.32) | (0.33) | (0.30) | 1.54 (0.28)| 3.54 (0.53) | (0.74) (0.44) (0.30)
1.31 0.08 0.08
Peppermint shrimp (R) Lysmata spp. 0 0 (0.44) | 3.38(1.04)| 0.23 (0.16) | (0.08) (0.08) 0
1.23 0.62 | 0.23 0.92 0.23 0.25
Naked goby (R) Gobiosoma bosc | (0.29) | (0.32) | (0.12) | 0.15(0.1) | 0.08 (0.08) | (0.28) (0.12) (0.13)
Chasmodes 0.85 0.08 5.08 1.00 0.17
Striped blenny (R) bosquianus (0.36) | (0.08) | O 0 0.23 (0.16) | (1.07) (0.34) (0.12)
0.08 | 0.46 0.42
Oyster toadfish (R) Opsanus tau 0 (0.08) | (0.18) | 0.46 (0.14)| 0.15(0.1) | 0.15(0.1)| 0.15(0.1)| (0.18)
Gobiesox 0.08
Skilletfish (R) strumosus 0 0 0 0 0.08 (0.08) | (0.08) 0 0
Ctenogobius 0.31
Darter goby (R) boleosoma 0 0 0 0 0 (0.17) 0 0
Hypsoblennius 0.31 0.38 0.08 0.08
Feather blenny (R) hentz 0 0 (0.20) | 0.54 (0.18)| 0.62 (0.28) | (0.13) (0.07) (0.08)
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Callinectes 0.15 0.08 0.08

Blue crab (T) sapidus (0.2) (0.08) | O 0 0.08 (0.08) | (0.08) 0 0
Libinia 0.08

Spidercrab (T) emarginata 0 0 0 0.08(0.07) | O 0 0 (0.08)
Palaemonetes 4.69 8.46 | 0.54 1.54 0.17

Grass shrimp (T) pugio (1.46) | (1.69) | (0.23) | 0.77 (0.35)| 0.15(0.1) | 3(0.62) | (0.70) (0.16)

Mantis shrimp (T) Squillaempusa | 0 0 0 0.15(0.1) | O 0 0 0
Fundulus 0.23

Mummichog (T) heteroclitus 0 0 0 0 0 (0.12) 0 0
Archosargus 0.54 0.38

Sheepshead (T) probatocephalus | O 0 0 0 0.23 (0.12) | (0.21) (0.17) 0
Centropristis 0.08

Rock seabass (T) philadelphica 0 (0.07) | 0O 0.08 (0.07)| O 0 0 0
Lagodon 0.62 0.15

Pinfish (T) rhomboides 0 0 (0.30) | O 0.08 (0.08) | 0.15(0.1) | (0.15) 0

Grey snapper (T) Lutjanus griseus | O 0 0 0 0.46 (0.18) | O 0 0

Lane snapper (T) Lutjanis synagris | O 0 0 0 0.31(0.17) | O 0 0
Serranus 0.08

Belted sandfish (T) subligarius 0 0 0 0 0 (0.08) 0 0
Halichoeres 0.08

Slippery dick (T) bivittatus 0 0 0 0 0 (0.07) 0 0

0.08

Spotted hake (T) Urophycis regia | O 0 0 0 0 0 (0.07) 0
Epinephelus 0.08

Red grouper (T) morio 0 0 (0.07) |0 0 0 0 0
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Table S7.Trematode species prevalencd nitia obsoleta(N = 12,420) Trematode species are listed in order of decreasing
prevalence. Immature infectioasecounted as part of the total infection prevalence (3.0%). Overall, our system is fish dominated, as
trematodes using fish as final hosts accounted for 85% of trensgiedes present. Bhasing species (14%) were less commonly
encountered, as was a single species of trematode (PM) that uses the diamondback terrapin as a final host (< 1%).

Trematode Species # Snails Prevalence Final host
Infected

Lepocreadium setiferoidé€kS) 146 0.012 Fish

Zoogonus lasiugZL) 50 0.004 Fish

Stephanostimum ten(sT) 48 0.004 Fish

Himasthla quissitensiHQ) 24 0.002 Shorebirds

Stephanostomum dentat8D) 11 0.001 Fish

Diplostomum nasséDN) 9 0.001 Shorebirds

Austrobilharzia variglandigAV) 8 0.001 Shorebirds

Diamondback

Pleurogonus malaclemy®M) 2 0.0001 terrapin

Gynaecotyla aduncéGA) 1 0.00008 Shorebirds

Immature infections (not identifiable to specie| 72 0.006

Grand total: trematode parasites (includes

immature) 371 0.030

Fish-using Trematodes (LS, ZL, ST, SD) 255 0.853

Bird -using Trematodes (HQ, DN, AV, GA) 42 0.140
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Chapter 4: Parasites, not frliddng taxa, indicate trophic complexity and faunal
succession imestored oyster reefs

Abstract

Successional states and other dynamic processes within ecosystems are among the most
intensely discussed topics in ecology. Recently, ecological restoration has emerged as a tool for
testing questions related tcommunity assembly, as practitioners often seek to restore whole
ecosystems using foundation species. For exanti@esdstern oyste€fassostrea virginicpis
capable of creating complex habitat émganismsacross multiple trophic levels. Historic
decines in oyster abundance have prompted decades of restoration eféavesser, we still do
not understand how long it takis restored reefs to resemhlee trophic complexity ohatural
reek. We examined community succession in natural oyster regfesiored reefs ranging
from 5 to 22 yearsld in coastal North Carolinay surveyng both freeliving taxa and parasite
communities. Trophically transmitted parasites can serve as valuable biodiversity surrogates,
sometimes providing greater informatiabout a system or question than theirdreiag
counterparts. Wéound thatthe diversity of frediving taxawashighly variable and did not
differ among NewRestored (<10 years), ORlestored (20 years), and Natural reefs.

Conversely, parasite diversity increased with elapsed timergststration, and parasite
communities in older restored reefs were more similar to those found in natural reefs. Our study
also revealed that oyster toadfi€hp&nus tal act as a key host species capable of facilitating
parasite transmission and trophic ascent in oyster reefs food webs, which we illustrate by
mapping parasite diversity in toadfish across all reefs in our system. Overall, ourgeggést

thattrophic complexity in restored oyster reefs requires at least 10 years to resemble that found



in natural reefs. This work adds to a growing body of eviddeogonstrating how parasites can

serve as conservation tools and cHas®n surrogates of biodivaty.

Introduction

Studies on the processes that mediate community succession following natural or
anthropogenic disturbances are foundational to ecology (Paine 1966; OdomSL@#ostudies
have generally attempted to understand {tmrgy mechanisms using shderm investigations or
experimentsDierssen 2000but see Dale et al. 2005). Instead, it can take decades to obtain a
holistic knowledge of the drivers of ecosystem tiort (Dierssen 2000). In the past, hurricanes
and volcanic eruptions have providet@mnatur al
response of communities to disturbance (Hibbs 1983; Franklin and MacMahon 2000). Recently,
however, largescalerestoation efforts havaffordednewopportunitiesor naturalexperiments
that enhance our understanding of theoretical procéBsgte andDrew 2008. Such studies
can al so r eveal 1 dnexpectedyetiransormativel dispoveries absub the
natural world (Lindenmger andLikens 2018. For example, ecologists documented the effects
of landscapsescale trophic cascades while monitoring the reintroduction of wolves to
Yellowstone National Park (Ripple and Beschta 2012). Similarly, completidneft wo r | d 6 s
largest dam removal project on the Elwha River enabled researchers to study vegetative
community succession in the dewatered reservoicfPeaal. 2018 By reinstating ecological
and evolutionary processes, restoration can serve as a toolderstanding basic ecological
principles, like community succession, while also conserving and enhancing biodiversity.

In coastakenvironmentsrestoration efforts often focus on recreating structurally complex
habitat using -foriniogg eoi gaoirsméabi katseagrasses,

(Lotze et al. 2006). These and other foundation species have suffered drastic deitieresarid
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von de Koppek014), promptingalls by the United Nations for the current decadal focus on
ecological estoration (U.N. 2021). Oyster reefs are among the most degraded coastal habitats
(Beck et al. 2011) and have been the focus of restarafforts for over fifty yearHernandez

et al. 2018)However, despite significant investment in restoration, anlgstimated 4.5% of

reef area has been recreated relative to historical baselines (Hernandez et al. 2018). While these
gains are important, it remains difficult to assess the-teng persistence and ecological

function of restored oyster reefs given giertterm (13 years) monitoring typical of many
projects (Baggett et al. 2015). In addition, from a practical standpoint, it can be challenging to
guantify biodiversity and trophic complexity in oyster reefs (La Peyre et al. 2019). While there
are manyypes of sampling gear, most methods have spspiesific limitations and efficiencies
(Stone and Brown 20)8complicating efforts to obtain a holistic knowledge of the diverse
invertebrate and vertebrate communities found in reef communities (La Peyr2@lL9).

Rather than monitor entire ecosystemas; ol ogi sts often rely on 0.
assessing biodiversity: species that are representative of their associated community (Wiens et al.
2008). Typically, researchers use fteng speciesas proxies for other taxa (Lindenmayer et al.
2015). Howeverparasitescan serve asdicators of underlyig complexity because they are
ficrosst a x o n s YCam20§0efdr thespoesence ahultiple invertebrate and vertebrate
hosts(HechingerandLafferty 2005; Hechinger et al. 200¥Vhile free-living surrogates are
often assumed to represent their target organisms through a shared preference for microhabitat or
functional group status (Cushman et al. 2068®phically transmitted parasites requsgecific
hosts from different taxonomic groups across trophic levels, makingakestientsurrogates
for overall community diversityMoreover, lostdiversity is often strongly correlated with

parasite diversityamiya et al. 2014; WoodndJohnson 2016 and evidencsuggests that the
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abundance of trophically transmitted parasites is positively associated with pia@gtor
interactions and other hightavel trophic processes in food webs (Rossiter and Sukhde¢.2014
Parasites thus provide a criticabnitoring tool, as increased parasite diversity correlates with
greater overall biodiversity across taxonomic groups (Moore et al. 2020).

In our study, we examined a tirseries of restored oyster reefs constructed 3, 8, 19, and
22-years prior to our sapting (i.e., 2016, 2011, 2000, and 1997) and natural reefs in the same
comparable environment. Spafce-time substitution is often used in ecological studies for
inferring how temporal processes like succession, community assembly, and species richness
correlate with sites of different ages (reviewed in Wogan and Wang 2ZDii8)method is ideal
for working with timeseries data from multiple sites, provided that inference is made to
ecological processes operating at the same spatial Baateggard 2019)We hypothesized that
older restored reefs would exhibit greater humtasite diversity compared to more recently
restored reefs that would have accrued fewer species and trophic inter&eihage is clearly
important for mediating community assemldg multiple studies have docunbesh faunal
succession in restored reefs (La Peyre et al. 26l@yever,environmental and methodological
variation amongtudiesoften precludes drawing firm conclusions about the role of itised in

the successioprocess

Materials and Methods

Study Site and Experimental Design

Our study was conducted in theddle Marshportion of the Rachel Carson Estuarine
Research Resen@4'4 1 NNNN37&8 3 71BNM) , | ocat ed al ong coastrt h Car
(Fig. S1).Middle Marshis polyhaline and experiences a semidiurnal tidal exchan@ of
meterg(Ridge et al. 2017ver the past 22 yearesearchers have built nearly 100 intertidal
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oyster reefs in the Reserve, approximately 50 of which remain. Thesedasefs vary in

proximity to other landscape features such as sandflats, salt marshes, seagrass beds, and natural
oyster reefs (Zeigler et al. 2018&nportantly, all reefs in our system are in close physical

proximity (<1km), thus ensuring relativelyrsilar abiotic conditions. Furthea)l sampled reefs

had a clearly defined footprint and were originally restored using loose, weathered oyster shell
shaped into uniform rectangular pileS(m wide x 5mlong x 0.30 m ta)l using hanetools and

a modified oyster dredge. Additional details on-piecement and methods can be found in
Grabowski et al. 2005 (1997/2000 reefs) and Fodrie et al. 2014 (2011/2016 reefs). We sampled a
subset of n=3 reefs restored in 1997, 200012ahd 2016, along with n=3 natural reefs that

likely formed within the laseO0years Ridge et al. 201)7 for a total of 15 reefs sampled.

Sampling for Oyster Reef Fauna

Reefresident fauna were sampled uspassive collectorsmall plastic milk cras (19 x
22 x 16 cm) filed with approximately 3.8 pounds of autoclaved oyster shell (Moore et al. 2020).
Collecting units such as these provide a standardized volume of habitat for use in monitoring
patch reefs of different sizes (La Peyre et al. 201@) Grates were deployed at each replicate
treatment making for a total of n=30 crates (2 crates x 3 replicates x 5 treatments). Crates were
deployed in the shallow sttitlal approximately dmeter from the base of each reef to avoid
desiccation at low tiddBecause of the abundance of crustaceans in our system, all shrimps and
crabs were collected from only one crate at each reef, which was selected randomly. Resident
fishes were less common and were sampled from both crates. All organisms were placed in
labeled bags and identified to species or gdausl. We also used unbaited minnow traps-1/4
inch mesh; dinch openings) to sample transient fauna during periods of inundation. At mid

rising tide kday prior to sampling, two minnow traps were deployed @osipe ends of each
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reef Twenty-four hours later, the contents of both traps were checked along with those of the
plastic crates. Plastic crates were initially deployed in June 2019 and sampled approximately
every 4 weeks until late October, after whidheguipment was removed. During each sampling
event, salinity (ppt), temperature (°C), and dissolved oxygen (mg/L) were measured using a

handheld YSI (Pré@®DO).

Host Dissection and Parasite Identification

Xanthid crabs and small benthic fishes were disskfor parasites, as these are+eef
resident organisms and known hosts for parasites in our system (Moore et al. 2020). Xanthid
crab hosts included the stone chbnippe mercenariand four species of panopeid mud crabs,

Rhithropanopeus harrisiEurypanopeus depressi&nopeus herbstiandDyspanopeus sayii

Fish hosts included gobi€tenogobius boleosom@obiosoma ginsburgblenniesChasmodes
bosquianusHypsoblennius hentHypleurochilus geminaty®arablennius marmoregand

oyster toadh Opsanus tauGenerally, these crab and fish species display stronrfjdstay to

specific reefsToscano et al. 2014Harding et al. 2010 This is important becaugparasite

diversityshould correlate witfree-living diversity at each site (Moore et al. (2020). Moreover,

to avoid problems associated with spatial autocorrelation, it is necessary to match the scale of a
speciesb6 response to its environmebmotivergity. e. , m
at the sitdevel) (Knegt et al. 2010). In all hosts, we identified common trophically transmitted
endoparasites including nematodes, digenetic trematodes, acanthocephalans, and cestodes. These
macroparasite taxa develop within their hostsraagire multiple invertebrate and vertebrate

hosts for lifecycle completion (Poulin 2007). We did not sample ectoparasites like monogeneans

and copepods because these organisms are easily dislodged in the process of collection and
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transport. For panoperud crabs only, we also quantifiedxothylacugpanopaejadirect

developing endoparasite.

Crabs were measured (carapace width, mm), sexed, and dissected by separating the upper
and lower carapace. Tissue squashes of hepatopancreas and gonad tisscewedefor
parasites at low power {#0x) using a compound microscoeissAxioScope Al). Fish were
measured (TL, mm), sexed, and dissected by remdkengntire gastrointestinal trgstomach,
liver, gallbladder, spleen, intestin@nd scanning fgparasites at low powerhegut cavity of
each fish was then rinsethd the wash examined for parasites that had been dislodged during
dissectionLastly, the headyody, andfins were checked faubcutaneous trematodgsts by
viewing each fistat low paver under asteremnicroscopgZeissStemi 508) Only xanthid crabs
O5 mm, and 3emn weredissécied for pasasites because the macroparasites in
our system primarily infect adult individuals (Moore et al. 2020). All parasites were identified
using standard protocols and keys (e¥gunaguti 1971 Although smaller mud crabs and fish
were not dissected for parasites, they were still included as part of clivingediversity
analyses. We also counted and identified other mobile taxa (eggrabs, shrimps, transient
fishes) found within the crates and minnow traps at each&#el. collections were authorized
by the North Carolina Division of Marine Fisheries (Scientific or Educational Permit #706671),
and by the North Carolina CoasRéserve Rermit #132019).Animal husbandry and dissection

protocols were approved by East Carolina Uniyv
Oyster Reef Habitat Parameters

We assessed habitat complexity in JAlygust 2019 by measuring multiple structural
features in all reefs: reef areaZpreef height (m), maximum reef height (m), fringe elevation

(m), crest elevation (m), crest peak elevation (m), oyster shell debd/¢aght (g), live oyster
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count (n), live oyster weight (g), and live oyster length (mm). Dimensional parameters
(area/elevation) were quantified usingiamble® R10Global Navigation Satellite System
(<1-5cm vertical precision)Oyster counts/weights e quantified by excavating and collecting
all material to a depth of 10 cm from a 0.6Z%adrat at the crest and on the fringing slope of
each reef (n=2 per reef). The total count of all live oysters >20mm and the length of up to 50
randomly selectedue oysters were quantified for each samplerré€lation analyses vealed

that most habitat parametavere either moderately or strongly correlatedefficient £0.3). As

a result, aly reefareareefheight,and live oyster count were included in onabyses of habitat
complexity because these variables were only weakly corrdla@@). Moreover, all three of
these variables were identified by Baggett et al. (2015) as key performance indicators of

functioning oyster reefs.
Parasite Diversity and Trphic Complexity

We created food webs depicting how parasite diversity differed in a focal host species,
the oyster toadfish, betwedlew (<10 years), Old (>20 years), and Natural réafs used the
toadfish because this species was the dominant fisHdrgsdrasites in our system. Moreover,
an organismoés | ocation within a food web is a
species in the middle of food webs consume a variety of invertebrate and vertebrate prey, often
harboring the greatestimber of endoparasitelSlércogoliese 2002PoulinandLeung 2011).
Based on dietary studies, adult toadfish occupy an intermediate trophic I8@kof04(Froese
andPauly2010) n our sampling, we captured juveniles
categorized toadfish as either juveniles (<100 mm) or adults (>100 mm) according to data from

Wilson et al. (1982)
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Parasite data from infected toadfish were used to construct food webs¥d10
years), Old (>20 years), and Natural rdgfextrapolating the additional taxa required by these
parasites for life cycle completion based on known toadfish predeggrelationships (Linton
1905; Schwartz and Dutcher 1963; Wilson et al. 1982; Moore et al. 2020). In the Natural reefs,
we documated a single toadfish infected with an adult acanthocephalan. Although we excluded
this one observation from our multivariate analysis, we included it as part of our food web
analysis. Taxa located in trophic levels 1, 2, and 3 are known hosts for &lbptrensmitted
parasitesNloore & al. 2020). They are also common prey items of toadfish based on dietary
studies (Wilson et al. 1982). Taxa located at trophic level 4 are putative hosts based on published
data(Linton 1905)and the local abundance bkse taxonomic groups in our syst@vtoore et

al. 2020.

Statistical Analyses

To determine the drivers of diversity across reef age, we analyzed the following datasets:
free-living crustacean host taxa (hereafter: fligang crustacean taxa), crustacean parasite taxa,
freeliving fish host taxa (hereafter: fréiwing fish taxa), ad fish parasite taxa. For the free
living fish taxa, we combined data from the minnow traps and plastic collectors to create a single
dataset of transient and raekident fishes. Parametric statistical tests were used when the data
met the assumptiong a Gaussian distribution. Negarametric tests were used on zeftated
count data that did not meet the assumptions of normality and could not be transformed.
Univariate analyses were conducted in R (verdi@3 using R core functionality. Abioticada
(salinity, temperature, DO) were not included in these statistical analyses because they were not

collected at each site and thus could not be used in comparisons among reefs (Table S1).
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We created box plots depicting taxa richness as a functionpgsfegldime since
restoration. For each response variable, we tested for significant differences between reefs (2016,
2011, 2000, 1997, Natural) using eway ANOVAs (freeliving taxa) and nofparametric
KruskalWallis tests (parasite taxd)osthoc testingvas per f or med 4xxi ng Tuke
(free-living taxa)and Wilcoxon rank sum testadjusted for multiple pairwise comparisons
(parasite taxa). Ef fect si zlwisgtana and Wicaexdnc ul at ed
effect size tests (parasite tax@jh the packagestatix (Alboukadel 2020)We | c {teétsor t
unequal variancerere used to compare the overall magnitude of effect between crustacean taxa
vs. parasites and fish taxa vs. parasémnnorAwWeiner diversity values were calculated using
theveganpackage (Oksanen et al. 2020). We also evaluated the strength of the correlation
between host and parasite richness as a function of reef ageMNevwn$s10 years), Old (>20
years), and Natural reefSor the response variables in these plotsyéisiduals were normally
di stri buted and Pearsonb6s correlation coeffic
habitat, KruskaMWallis and Wilcoxon rank sum pekbc tests were used to test for differences in

reef area, height, and the numbeliwé oysters.

Lastly, we used nemetric multidimensional scaling (nMDS) ordinations (Field et al.
1982) based on Bra@urtis dissimilarity matrices in PRIMER v7 to visualize changes in-host
parasite abundance during our project. The fish parasite dlat@eed a single observation of an
adult acanthocephalan parasite, which was removed prior to analysis. All abundance data were
then 4" root transformed. Pearson correlation coefficient taxa overlays were established for each
nMDS plot at a threshol@.35. In addition, a PERMANOVA was conducted to examine
whether host/parasite abundance differed betWssn (<10 years), Old (>20 years), and

Natural reefsWe used a nested design with sampling event as a random effect within reef age to
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avoid pseudaepication. Pairwise comparisons were made among the data in different age
groups via the unrestricted permutation of abundance data. Based on these results, a similarity
percentage analysis (SIMPER) was performed on the fish parasite abundance datmtoedeter

which parasite taxa were responsible for observed differences between age groups.
Results

Comparison of Frediving and Parasite Diversity in Natural and Restored Reefs

There were no differences in fréeing crustacean and fish taxa richness oedsity as a
function of elapsed timé={g. 1, A-B; Fig. S2, AB). However, fish parasite richness in the
Natural reefs was greater than richness in the 2016 FEgfsl( D,X?=12.5, df=4, p=0.02), and
there was a marginal increase in fish parasite diyassth time (Fig. S2, D X?=8.6, df=4,
p=0.07. Effect size measurements of fleeng taxa demonstrated no clear trend over t(fig.

1, E),whereas the parasite taxa showed a consistent decrease in the magnitude of difference
across all pairedomparisons (Fig. 1, Fin addition, there were differences in the overall
magnitude of effect betwedreeliving taxa and parasites. The effect of reef agéeivarsity

was greater for crustacean parasites compared ttivireg crustacean taxa (4.2, df=14.5,
p=0.0008) and for fish parasites compared to-likeeg fish taxa (t=4.5, df=13.7, p=0.0006)

(Fig. S3, Table S2).
Correlation between Host/parasite Richness in New, Old, and Natural Reefs

Thepositive orrelationbetween frediving crustacea taxa and crustacean parasite
richness strengthened with tir(fleg. 2, AC). In Natural reefsthere was a strong, statistically
significant positive relationship between file@ng crustacean and parasite richn@3s0.68,

t=3.07, df=11, p=0.01while there was no significambrrelation on Mw reef§R=0.14, t=0.66,
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df=22, p=0.52) However, a significant, positive relationship between-fireeg crustacean and
parasite richnessas observed for thel®@reefs(R=0.44, t=2.49, df=26, p=0.02)hich
expdained44% of variance, slightly lower than t68% of variance explained fordtural reefs.

There was no correlatidretweerfreeliving fish andparasiterichness (Fig. 2, EF).
Changes in Community Abundance through Time

We created nMDS plots depictimhpanges in the abundance of fieeng taxa and their
parasites during our projedti§. S4).For the frediving taxa (AB), there were clear seasonal
differences in the relative abundance of crustacean and fish species sampled. However, there was
no seaonal trend for crustacean and fish parasite abundarbg. (@=arson correlation overlays
depicted the frediving and parasite taxa most strongly associated with each saraptng
(Table S3)A PERMANOVA with taxa abundance nested within sampling eskatved that
reef age lNew (<10 years), Old (>20 years), Natjirahs an important predictor of fish parasite
abundanceTable S4, p=0.01The abundance of fish parasites was different between the
Natural and New reef§ @ble S4, p=0.005and between thdatural and Old reefsTable S4,
p=0.095. SIMPER analyseshowedhatthese results were primarily driven by differences in the
abundance of larval cestode (procerdoid) parashaisl¢ S5)Complete species composition
andoccurrence oéll parasite¢axaare available iTable SS5Mean abundances$D) of all free

living taxa are available ifable S6.
Oyster Reef Habitat Complexity

Mean estimates of reef habitat parameters are depicted in FigureeSarea (mean +
SD) of Natural reefs (5387 + 293m?) was much greater than area in the Qig.2m? + 12.7

m?) (Table S7p=2.3x10") and New reefs (34.8? + 13.9m?) (Table S7p=9.1x10'"9). Old reefs
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had an average heiglit.431m + 0.0740m) greater than both the Natur@l338m +0.0563m)
(Table S7, p=0.0001) and New rees308m +0.0387m) (Table S7 p=4.4x10°). The average
number of live oysters was not different among New (130 + 110), Old (69 * 42), and Natural

reefs (90 £ 109)Table S7).
Toadfish Food Web

Oyster toadfish comprised 72% of all parasitized fi&ble S8)Overall, parasitized
toadfish were most abundant in the Natural reefs (n=32) followed by the Old (h=20) and New
reefs (n=4 (Table S9. Trophic complexity, as represented by toadfish anid plagasites,
increased across the New, Old, and Natural r¢efsire 3).The New reef®iadthe lowest
overall trophic complexity, as theveereonly two major pathways present (cestodes,
nematodes)moreoverjuvenile toadfishwereabsent from these regfTable S8) However,
complexity increassfor the Old reefs with the addition of the trematode pathway and two out of
the three life stages required for trematode life cycle compléftma Natural reefs héithe
greatest abundance of toadfish at diff¢itda stages, sme of which werdinal hosts for

trematodes due to trophic transmission resulting from predation and cannighatisine 3)
Discussion

Ecological restoration projects can provide living laboratories for administering large
scaleexperiments under natural conditions. In marine systems, previous studies have concluded
that freeliving taxa readily recruit to restored oyster reef habitatykars postonstruction
(Humphries et al. 203 Moore et al. 2020), but longéerm successiwal trajectories remain
poorly characterized due to major differences in the location or design oflradisyre et al.

2019. For exampleBrown et al. (2014) surveyed faunal assemblages at a series of natural,
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recently created (<5 years), and older yeérs) reefs, quanyiing substrate type as a predictor

of restoration succe$rit nottime-since restoratiorin other systems, such as coral reef
communities, studies have demonstrated that restored marine habitats increasingly resemble their
natural canterparts through time pesgstorationBurt et al. (2011) compared patterns of
community development in a tireeries of breakwater structures31 years old), finding that
artificial reef communities resembleout did not replicateahose in naturatoralreefs.These
results were confirmed kill et al. (2021) who used a centuriesld breakwater reef for
comparison. Similarly, a recent synthesis of seagrass restoration projd2tg€ars old) found
distinct differences in community compositiortween restored and reference plots even after
>30 yearsRRezek et al. 200)9In our system, we used a spdoetime approach to analyze long
term successional patterns in oyster reef communities. We predicted that the diversity of
parasites and hosts waduhcrease pogestoration, with older reefs approaching the diversity of
natural reefsBelow, we discuss our results and how they advance the theoretical and applied

framework for using mukhost parasites as surrogate species.

Parasites Indicate Su@ssional Changes in Oyster Reef Communities

We found that parasites were better indicators of successional changes in oyster reefs
compared to frediving taxa.While there was variability in the parasite data, mean estimates of
richness and diversity of crustacean and fish parasites increased with @lapsgdg. 1, GD;

Fig. S2, GD). This trend was not apparent for frid@ng taxa (Fig. 1, AB; Fig. S2, AB),

whose relative abundance varied from metotmonth (Fig. S4, AB). These resultsuggest that
conventional methods of sampling for oyster reef fauna (e.g., minnow traps, settlement
trays/habitat collectors) using fréiging organisms may be less efteve at capturing

successional changes compared to sampling for trophically transmitted pavdsitdso

187



observed important differences between-reé@g and parasite taxa when comparing effect

sizes, whiclprovide an estimate of the practical diffeces between groups (Ho et al. 2019).

When comparing data from each restored reef to the Natural reefs in a stepwise fashion, we
would expect the magnitude of difference to be larger in comparison to more recently restored
reefs (e.g., SNatural) as opposkto older reefs (e.g., 24atural) that have had more time to

accrue trophic complexity. This trend was only apparent for the parasite data, wherein the
difference across all comparisons decreased with elapse@Rignd, EF). In addition, the
overallmagnitude of the effect was larger for the parasite data than tHevingedata(Fig. S3;

Table S2, which indicates that there is a stronger relationship between the parasite data and reef
age. While we sampled more frid@ng taxa than parasite taxiashould be noted that effect size

measurements are independent of sample size (Ho et a). 2019

In some casesabitat structurean serve as a predictordrasite transmission pathways
(RossiterandSukhdeo 2014 owever, our results cannstlelybeattribuiedto differences in
the structural complexity of reef habitat, at least not for the parameters we measured. For
example, the average number of live oysters was not different among reefs, nor was height
different between the NaturahdNew (<10 years)reefs able S7. On the other hand, the
Natural reefs were largéinan the restored reefs (Figurg; Jable S7)The relationship between
size/area and species richness is well known (i.e., CamuvicCoy 1979), and it is poss&é
that the gre&r size of theseeefs may contribute to greater species diversity. Nevertheless, the
Old reefs are much closer in size to the New reefs than they are to the Natural reefs &igure S
Table S7. If reef areavere a bettepredictor of diversity, thethe parasite diversityf the Old
reefs should more closely resemble the New reefs. Ingtaeakitediversity in the Old reefs was

more similar to diversityf the Natural reefs (Fig. 1,-D; Fig S2, GD).
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While the parasite data were more informative overall, we identified important
differences between parasites of crustaceans and parasites of fish, which has implications for
using parasites as surrogates of overall taxonomic divgFsgy2). Although tlere was no host
parasite relationship in the New (<10 years) reefs for the crustacean hosts, there was a significant
positive relationship in the Old (>20 years) and Nattgafs(Fig. 2, A-C), demonstrating that
the close connection between host andaiversity developed with time. In contrast, we did
not document this same relationship in fish (Fig. Z)Dlikely due to the greater mobility and
functional diversity (e.g., life history, habitat preferences) of species sampled compared to
crustacans (Table S6). In general, crustacean-pasasite diversity may be a more accurate
indicator of sitelevel effects because of the limited mobility of xanthid crafes¢ano et al.

2014). While there was no relationship between overall fish taxa rictamesparasite richness
(Fig. 2, DF), this does not preclude single species ofreisgdent fish from functioning as

sentinels of parasite diversity, a phenomenon we documented in oyster toadfish (T&hles S8

Toadfish are a Key Host Species in OystexeR Food Webs

Parasitism in food webs is a rendom procesgChen et al. 2008 osts with high
parasite diversity tend to consume a wide variety of prey items and occupy network positions
close to many types of prey (Marcogliese 2002). While trophit@hsmitted parasites typically
require multiple hosts (HuspeandLafferty 2004), parasite persistence may be driven by a
single host speciegénton et al. 20)5increasing the probability of successful transmission
over evolutionary time if that host is central to the food web (AndeasdSukhdeo 2011). It is
thus possible to map parasite transmission onto food webs since trophically transmitted parasites
move along pathways in which key hosts act as trophic lifksrfipson et al. 200%,oulinand

Leung 201).
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Past research has suggested that toadfish can mediate trophic cascades in oyster reef
communities via predatiorsfabowskiandKimbro 2005; Grabowskiteal. 200§. Species like
toadfish that occupy a prominent place in the middle of food webs often harbor higher numbers
of endoparasites because they feed on both invertebrates and small fish (Marcogliese 2002;
PoulinandLeung 201). For example, in a sty of three intertidal food webs, Chen et al. (2008)
reported that species serving as intermediate hosts had more predators (mostly birds) and were
incorporated into more food chains than those not serving as intermediate hosts. Indeed, parasites
usinginer medi ate hosts rely on predation to facil
to larger hosts at higher trophic levels where reproduction and dispersal Eschargd
Fernandez 1993Toadfish can therefore serve as a model organism foringaparasite
transmission within oyster reeBy comparing parasite diversity in toadfish frddew (<10
years), Old (>20 years), and Natura¢fs,we can depict the trophic connections represented by

each toadfistparasite interaction and infer the comgpion of the overall host community.

Moreover, toadfish undergo ontogenetic shifts in diet (Wilson et al. 1982), which has
implications for the upward incorporation pdirasites in toadfistriven food webs (Fig. 3). For
example, juvenile toadfish are primarily infected with larval cestodes, while larger adults have
higher parasite diversity because of the wider range of prey items they consume (Table S9).
Multiple cestale taxa (e.gDiphyllobothrium Triaenophoru use copepods as fifsttermediate
hosts followed by small fish (Pasternak et al. 1995). Smaller fish like juvenile toadfish are more
likely to consume an infected copepod or other microcrustacean senarfgsasntermediate
host for cestode parasites (PowdimdLeung 2011). While we documented larval cestode
infections in adult toadfish from multiple reefs (Table S9), these individvexs likely infected

as juveniles because microcrustaceans woultd@ain important prey item of adult toadfish

190



(Pasternak et al. 1999mportantly, we did not document any mataestode infections in

toadfish, which implies that toadfish are not the final hosts for these parasites. It is also

interesting that nearly aihfected juvenile toadfish were sampled from the Natural reefs (Table

S9). Indeed, the discrepancy in the abundance of larval casfedeed fish was mostly

responsible for driving differences in fish parasite abundance as a function of reef age (Tables

S45). The preponderance of cestadfected toadfish in the Natural reefs may imply that the

process of trophic ascent for cestode parasites from first to final host is more efficient. Without

an abundance of juvenile toadfish, cestodes may encoumtes pthi ¢ Avacuumo (Parl

2015) that would inhibit life cycle completion.

Largertoadfish are capable of consuming larger and more diverse prey such as small
fishes, shrimps, and mudcrabs (Linton 1905; Wilson et al. 1982). While we identified multiple
parasite taxa in adult toadfish (Table S9), the diversity of parasites and lifey Isisategies
differed among reefs (Fig. 3, Table S9). Forniest part, parasites like nematodes, trematodes,
and acanthocephalans were absent from the New reefs. The lack of parasite diversity in fishes
sampled from New reefs may suggest that the spomeding reef community is hegoor.

However, low sample size may also account for these results, as we sampled fewer toadfish
overall from the New reefs (n=4) compared to the Old (n=20) and Natural reefs (n=32) (Table
S8). In both thé®ld andNatural refs multiple parasite taxa require toadfish as intermediate or
paratenic hosts to fill the trophic transmission vacuum between first and final hosts (Benesh et al.
2014). Adult toadfish in these reefs were also parasitized by mature nematodes, trermadiodes,
acanthocephalans consistent with the predid¢hanthe diversity of adult parasites in a specific

host increases with increasing trophic level (PoatidLeung 2011) It is noteworthy that adult

trematodes were absent from the Old reefs, whildfiglattom the Natural reefs were infected
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with both intermediate and achgtage trematodes. Trematode life cycle completion requires
trophic transmission, an outcome that is more favorable when there is a high abundance of
intermediate hosts with overlapg nichegChoisy 2003. This may suggest that the overall host
community is not as diverse in the Old reefs compared to the Natural reefs, which also had an
adult acanthocephalan infection. However, it is likely that we usdepled parasites like
tremaodes and acanthocephalans because our collection method wianisgrkand biased
towards smaller adult toadfish. Ultimately, our discussion of toadfish as key hosts in parasite

food webs is meant to be illustrative rather than comprehensive.

Conclusions

We demonstrate that parasites can be a valuable tool for monitoring community diversity
and trophic complexity in restored oyster reéfsleed, our results show that parasites are better
indicators of community succession in restored reeftatthian frediving taxa.Compared to
pre-existing natural reefs, parasiieiven differences itrophic complexity were most apparent
10 years postestoratiori roughly similar tostudies of benthic comunity development in
artificial and naturatoralreefs Burt et al. 2011; Hill et al. 2021yhile most studies monitor
for a maximum of 43 years postestoration (Baggett et al. 2015), our results suggest that
complexity emerges over longer time intervals. Finally, giventtiaadfish and their parasi
appear to act as sentinels of community diversity, we suggest including these key host species
(and their parasite infracommunities) in future studies. Collections should target larger toadfish
in natural reefs to obtain a more complete picture of islagfarasite diversity in reference

ecosystems.
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Fig. 1.Freeliving crustacean and fish taxa richnea$); crustacean and fish parasite taxa

richness €-d); and effect size measurements betwieegliving taxa (e) and parasite taxa (f).

Solid lines represent the median of each treatment, and dashed lines represent mean estimates.
Mean estimates of frdeving taxa richness were highly variable as a function of elapsed time
since restoration {b), while mean estimates of parasite taxa richness increased through-time (c
d). In plotD, fish parasite richness wggeater in the Natural reefs compared to reefs restored in
2016(X?%=12.5, df=4 p=0.02).For the frediving taxa, there was no trend wheomparing

effect size measurements between restored and natural reefs (e); hdveererghitud of

effect steadily decreasdisgrough time for the parasite taxa when comparing the data from reefs
restored 5, 10, 21, and 24 years smdata from the natal reefs (f).
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Fig. 2.Correlation between freleving and parasite taxa richness in crustaceans) @nd fish

(dr f) acrosdNew, Old, and Natural ReefShaded areas represent the 95% confidence interval
for each fitted curveror the crustacean datadp the correlation between host and parasite taxa
richness strengthened frakew (<10 years)R=0.14, t=0.66, df=22, p=0.520 Old (>20 years)
[R=0.44t=2.49, df=26, p=0.02}0 Natural reefsR=0.68, t=3.07, df=11, p=0.01h contrast,

there was no relationship between host and parasite fish taxa richifiess (d
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(a) Cestode- Juvenile toadfish are infected with
larval cestodes via trophic transmission. As
intermediate hosts, toadfish remain infected until
they are consumed by a suitable final host.

(b) Nematode- Toadfish may serve as
intermediate, final, or paratenic hosts. Nematodes
infect larger juvenile toadfish and adult toadfish
via direct penetration or trophic transmission.
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(¢} Trematode- Toadfish serve as intermediate hosts
in Old and Natural reefs when infected by larval
cercariae shed from snails. Toadfish serve as final
hosts in Natural reefs.

{d) Acanthocephalan- Toadfish serve as final hosts
for acanthocephalans, which can undergo post-cyclic
transmission if consumed by an additional final host.
Other taxa may act as paratenic hosts.
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Fig. 3.Food welsillustrating how parasite diversity in toadfidiffers in New(<10 years)QOld
(>20 years)and Natural reef€Qyster toadfish are the only species depicted in solid form, as
they are the focal organism in this figure, while other host taxa are depscgfitiouettes.
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Supplementary Figures
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Figure S1Map showing study site location along the central North Carolina coast and enhanced
view of Middle Marshand project area (a).
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Figure S2ShannorWiener diversityof freeliving crustacean and fish taxalf) and crustacean
and fish parasite taxa-(l) as a function of time elapsed since restoration. Solid lines represent
the median of each treatment, and dashed lines represent mean sdtinpéweD, fish parasite
diversity increased over timX$=8.6, df=4,p=0.07; however, poshoc testing revealed no

significant differences between treatments.
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for crustacean parasites comparettee-living crustacean taxa<-4.2, df=14.5, p=0.0008&nd
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a) Reef Area (m?) b) Reef Height (m)

1000 1
— Lo §
£ i S ¥ & A B B c
S 500 ..'._-__ §>CI_4- s s
< 5001 @
2 F | B o A
> 250 E’; 0.21
xr - A A B B e 14
0 s 0.0
2016 2011 2000 1997  Natural 2016 2011 2000 1997  Natural
Reef Year Reef Year

c) Number of Live Oysters
Q -
o
® 300
e}
@ - -0
22007 -----
—
"6 [o— = 5 S—
@ 1001 —eme 403 e [ __| F-----
: s
=3 o
Zz 01 ; : ; , et

2016 2011 2000 1997  Natural

Reef Year

Figure S5Box plotsshowing differences ithe followinghabitat parameterseef aregn?) (a),
reef height (m) (b), and the number of live oyst@).Solid lines represent the median of each
treatment, and dashed lines represent mean estirG&tekwise:the areaof 2016/2011=New
reefs (A) was less than the area of 2000/1997=0Id reefs 858G, df=2p=9.1x10'9);
however, Natural reefs welarger in size than both Old and New reefs (G=68.6, df=2,
p=2.3x10"). In terms of height, 2016/2011=Neweefs (AC) were smaller than 2000/1997=0Id
reefs (B) (%=29, df=2,p=4.4x10°), which were taller than Natural reefs {29, df=2,
p=0.000} (C). There was no difference in height between New and Natural rdefe Were no
differences in the number tife oysters between age groupings

208



Supplementary Tables

Table S1Abiotic measurements collected during each sampling event.

Salinity (ppt)

Mean (SD) 34.4 (3.01)
Median [Min, Max] 35.5[30.2, 37.4]
Temperature (°C)

Mean (SD) 27.2 (3.46)
Median [Min, Max] 27.2 [23.5, 32.0]
Dissolved Oxygen (mg/L)

Mean (SD) 6.46 (0.901)
Median [Min, Max] 6.43 [5.37, 7.85]
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Table S2ZRes ul t s

from Cohenos
taxa data are depicted next to the corresponding parasite data to facilitate comparison.

D

(crustacean

and

fish

t axdyingand

Freeliving Crustaceans Crustacean Parasites
95% | 95% 95% | 95%
Co(r;nrr?;r?son va?l-ue ESf;fi(zegt Cl Cl | Magnitude Co(r;nrp()):r?son v:I-ue ESﬁi(zagt Cl Cl Magnitude
(low) | (high) (low) | (high)
5 | Natural| 1 0.1 -0.68 |0.8 negligible | 5 | Natural | 0.22 |0.44 |0.1 0.73 | moderate
10| Natural| 0.94 |-0.26 |-1.18 |0.51 |small 10 | Natural | 0.64 |0.16 |0.01 |0.49 |small
21| Natural| 1 0.08 |-0.72 |0.82 |negligible | 21 | Natural | 0.54 |0.23 |0.01 |0.58 |small
24| Natural| 1 -0.14 | -1 0.59 | negligible | 24 | Natural | 0.72 | 0.1 0.0055| 0.46 | small
10 5/0.84 |-041 |-1.39 |0.34 |small 10 |5 0.54 |0.28 |0.01 |0.64 |small
10 21085 [-0.38 |-1.26 |0.32 |small 10 | 21 0.72 |0.07 |0.0052|0.45 |small
10 241 -0.15 | -0.9 0.7 negligible | 10 | 24 0.72 |0.09 |0.0059|0.49 |small
21 51 -0.02 | -0.84 | 0.71 | negligible |21 |5 0.54 |0.21 |0.01 |0.57 |small
21 241097 [(0.25 |-0.43 |1.09 |small 21 | 24 0.59 |0.18 |0.0097|0.54 |small
24 51096 |-0.27 |-1.13 | 0.45 |small 24 |5 0.22 | 0.41 |0.07 0.73 | moderate
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Freeliving Fish

Fish Parasites

Group p- Effect 95% | 95% . Group p- Effect 95% | 95% .

Comparison| value | Size Cl CI. Magnitude Comparison| value | Size Cl CI. Magnitude
(low) | (high) (low) | (high)

5 | Natural| 0.97 |0.23 [-0.53 |1.11 |small 5 | Natural | 0.02 |0.62 |0.34 |0.86 |large
10| Natural| 0.94 |-0.27 |-1.1 0.55 | small 10 | Natural | 0.06 |0.51 |0.16 0.8 large
21| Natural| 0.96 |-0.21 |-1.13 | 0.53 |small 21 | Natural | 0.11 |0.43 |0.08 0.72 | moderate
24| Natural| 0.83 |-0.4 |[-1.27 |0.34 |small 24 | Natural | 0.3 0.29 |0.02 0.63 | small
10 5/061 |-0.54 |-156 |0.19 |moderate |10 |5 0.62 |0.1 0.0068| 0.47 | small
10 211 -0.04 | -0.82 | 0.69 | negligible | 10 | 21 0.57 |0.13 |0.0064|0.54 |small
10 241 0.13 |-0.63 | 0.88 |negligible | 10 | 24 0.34 [0.24 |0.01 0.59 | small
21 51067 |-0.46 |-1.47 |0.23 |small 21 |5 0.34 |0.25 |0.01 |O0.6 small
21 2411 0.15 |-0.63 |0.91 |negligible |21 |24 0.57 |0.14 |0.0065| 0.5 small
24 5(042 |-0.72 |-1.77 |0.04 | moderate |24 |5 0.19 | 0.35 |0.03 0.65 | moderate
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Table S3Pearsorcorrelation coefficients associated with f#leeng and parasite communities. Correlations are shown for each
NnMDS axis and coefficients with an absolute valu@.860r higher are shown on nMO®ots (Fig. S4).

Free-living crustaceans

White

. ) Flat back
Atlantic fingered N
mudcrab | Say 6 s | Unknown . . . . blueleg
nMDS mud crab | mud crab blue stone grass snapping | peppermint| spider porcelain ;
: (E. crab mud crabs - - . pistol
axis P. (R. depressus | (D. sayi) (uv.) crab crab shrimp shrimp shrimp crab crab shrim
herbsti) harrissi) P - say ' P
MDS1 | -0.2157343| 0.595458 | -0.1459065 | 0.5541956 | 0.488265 | -0.044 | 0.45469 | 0.02907 | 0.365877 | 0.3049326 | -0.0517 | 0.192578 | 0.2035472
MDS2 | -0.7418309 | 0.06052 -0.351327 | -0.1796125| -0.0459688 | 0.5527 | -0.043 0.06756 | 0.113187 | -0.27763 0.0006 -0.03962 | 0.127569
Free-living fish
nMDS | striped oyster —— rock e feather grey lane slippery crested - seaboard
axis blenny toadfish skilletfish | darter goby seabass pinfish blenny shapper | shapper dick blenny pigfish goby
MDS1 | -0.0302814 | -0.47459 | 0.1509272 | -0.2019809 | -0.3518794 | -0.404 | -0.0075 | 0.46674 | 0.319243 | 0.2034314 | -0.4605 | -0.40778 | 0.4492658
MDS2 | -0.180126 | -0.37339 | 0.3077703 | 0.0498562 | 0.0581532 | 0.3304 | 0.24692 | -0.0644 | 0.044808 | -0.1465135| 0.0833 0.04863 -0.0218777
nMDS seaweed Nassau bank ' fringed yellowedge red black sea| sand spottail planehea| mottled sergeant
. butterflyfis L - spot . : :
axis blenny grouper h filefish grouper | grouper bass perch pinfish d filefish mojara major
MDS1 | -0.2473329 | 0.107453 | 0.0482428 | 0.0399056 | -0.1069361| -0.111 | 0.09815 | -0.095 -0.240383 | -0.133304 | -0.1734 | 0.129556 | 0.1358829
MDS2 | 0.1260796 | 0.318303 | -0.0836354 | -0.0862978 | -0.1798112| -0.082 | -0.23 -0.1407 | 0.145228 | 0.2240831 | -0.099 -0.06292 | 0.2390153
nMDS black striped jack dusky
axis grouper killifish crevalle damselfish
MDS1 | -0.1729158 | -0.11029 | -0.1102859 | 0.1737883
MDS2 | -0.0017676 | -0.26998 | -0.2699777 | -0.1972268
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Crustacean parasites

nMDS Trematodes Cestodes Isopods | Loxothylacus
axis (larval (larval) Nematodes (entoniscid) anopaei
Xl cysts) panop
MDS1 0.1184922| 0.701035| 0.3974782| 0.6861579| 0.0564004
MDS2 0.1204186| 0.428862 0.2568348 -0.3258426| -0.0539354
Fish Parasites
Trematodeg
;X'\iiDS (larval ci; ?:/c;cli)es Tr?;iﬁ%des Nematodes
cysts)
MDS1 | -0.4998021| -0.62038| -0.3151432| -0.8410983
MDS2 | -0.2911265| 0.678579| -0.0998042| -0.0654139
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Table S4Results from nestetdERMANOVA design on BrayCurtis similarity matrices demonstrating that fish parasite abundance
differed as a function of reef agddw (< 10 years), Old (> 20 yeard)atural reefg Age was a fixed factor and sampling event was
included as a random factwithin age to avoid pseudeplication.

Unique
Source df SS MS | PseudeF | P(perm) | perms
Age 2 6442.5 | 3221.3 | 7.5172 | 0.0103 | 9939
Sampling event (Age) 12 5121.1 | 426.75 | 0.92788 | 0.5367 | 9931
Residuals 59 27136 | 459.92
Total 73 38981
PAIRWISE TESTS: Term: 'Ag
Unique
Groups t P(perm)| perms
Natural, Old 2.3268| 0.0528 | 1259
Natural, New 4.7571] 0.0045 | 1258
Old, New 1.852 | 0.1546 | 126
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Table S5Similarity percentagéSIMPER ) resultsdepictingcontributions of fish parasite abundance to dissimilarity between age

groups

Group Natural

Average similarity: 40.69

Species Av.Abund | Av.Sim Sim/SD | Contrib% | Cum.%
Cestodes (larval) 0.85 30.63 0.97 75.28 75.28
Group Old
Average similarity: 15.21
Species Av.Abund | Av.Sim Sim/SD | Contrib% | Cum.%
Nematodes 0.35 7.13 0.4 46.84 46.84
Cestodes (larval) 0.27 4.73 0.29 31.08 77.92
Group New
Average similarity: 5.56
Species Av.Abund | Av.Sim Sim/SD | Contrib% | Cum.%
Cestodes (larval) 0.19 4.33 0.25 77.97 77.97
Groups Natural & Old
Average dissimilarity = 78.00

Group: Group:

Natural Old
Species Av.Abund | Av.Abund | Av.Diss | Diss/SD | Contrib% | Cum.%
Cestodes (larval) 0.85 0.27 38.22 1.09 49 49
Nematodes 0.57 0.35 22.07 1.06 28.3 77.29
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Groups Natural & New

Average dissimilarity = 86.72

Group: Group:

Natural New
Species Av.Abund | Av.Abund | Av.Diss | Diss/SD | Contrib% | Cum.%
Cestodes (larval) 0.85 0.19 48.03 1.27 55.39 55.39
Nematodes 0.57 0.12 22.61 1.11 26.07 81.46
Groups Old & New
Average dissimilarity = 91.55

Group: Group:

Old New
Species Av.Abund | Av.Abund | Av.Diss | Diss/SD | Contrib% | Cum.%
Cestodes (larval) 0.27 0.19 33.85 0.92 36.97 36.97
Nematodes 0.35 0.12 28.59 1.06 31.23 68.2
Trematodes (larval cysts) 0.26 0.06 22.58 0.71 24.66 92.86
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Table S6 Mean abundances (£SD) of sitesident (R) and transient (T) fréeing crustaceans and fish grouped by reef age and year.

1997 2000 2011 2016 Natural Overall
Old old New New Natural New old Natural
(N=15) | (N=15) | (N=15) | (N=15) | (N=14) | (N=30) | (N=30) (N=14)
. - 4.87 4.53 2.64 2.93 5.14 2.79 4.70
Say's mud crab (D. sayii) (R) 5.18) | (4.94) | @31) |(320) |29 |@373) |@o9s |>14(29
. " 1.47 2.00 1.93 1.00 2.64 1.46 1.73
Atlantic mud crabs (P. herbstii) (R) (1.85) (1.93) (2.70) (1.18) (2.10) (2.10) (1.87) 2.64 (2.10)
White-fingered mud crab (R. harrissi) (R) 1.20 1.40 0.286 0.857 1.50 0.571 1.30 1.50 (1.91)

(1.66) | (2.16) | (0.611) | (1.70) | (1.91) (1.29) | (1.90)

0.400 0.533 0.714 0.214 0.429 0.464 0.467 0.429
(1.30) (2.13) (2.07) (0.579) | (0.756) (0.881) | (1.20) (0.756)
Unknown mud crabs (juv. Panopeidae) 1.67 1.60 0.786 1.00 243 0.893 1.63
(R) (2.19) (1.84) (2.42) (1.18) (4.18) (1.87) (2.99)

0.600 |0.467 |0571 |0.429 | 0.500 0.500 |0.533 | 0.500
(1.30) | (0.640) | (0.756) | (0.646) | (0.855) | (0.694) | (1.01) | (0.855)

Flat-backed mud crab (E. depressus) (R)

2.43 (4.18)

Stone crabs (R)

Porcelain Crabs (R) 00 |0(0) ?6.1;9?5) 00 |0 ?693,771:;) 00 |0(0)
. . 260 |187 | 157 |250 | 1.79 204 | 223
Snapping Shrimp (R) w72) | @68 |@74 |@os) |@ss) |@ses |@ry |179(189)
Slue Crabs (1 0533 | 00667 | 121 | 150 |0214 |136 |0300 |0.214
ue Crabs (T) (1.13) | (0.258) | (1.31) | (1.40) | (0.426) | (1.34) |(0.837) | (0.426)
Spider Crabs (T) 00) |o0@© |0 ?692761% 0(0) ?(')9138597) 00 |0(0)

0.200 0.400 0.643 0.286 0.143 0.464 0.300 0.143

Grass Shrimp (T) (0561) | (1.06) | (1.60) | (0.825) | (0.363) | (1.26) |(0.837) | (0.363)

— 0267 | 0467 |0214 |0357 |1.00 0.286 | 0.367
Peppermint Shrimp (T) (1.03) | (0.834) | (0.579) | (0.633) | (1.47) | (0.600) | (0.928) |1:00 (@47
Blueleg Pistol Shrimp (T) 00 |0 |0© |0 ?62;;2) 00) |o0() ?(5281(;12)

_ . 0.0667 | 0.0667 0.0714 | 00714 | 0.0357 | 0.0667 | 0.0714
Striped Blennies (R) ©0.258) | (0.258) | °©@ | (0267) |(0.267) |(0.189) | (0.254) | (0.267)
Oyster Toadfish (R) 100 | 107 |0143 |0714 |2.43 0428 103 |, 400010

(1.00) |(1.39) |(0.363) | (0.994) | (2.10) (0.790) | (1.19)
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1097 | 2000 | 2011 | 2016 | Natural Overall
Old old New New Natural New old Natural
(N=15) | (N=15) | (N=15) | (N=15) | (N=14) | (N=30) | (N=30) | (N=14)
— 0.0667 | 0214 | 0.143 0179 | 0.0333
Skilletfish (R) 0@ | (0258 | (0579 | (0.363) |°© ©0.476) | (0.183) | 2O
. 0133 | 0200 | 00714 | 0.0714 0.0714 | 0.167
Darter Gobies (R) (0.516) | (0.561) | (0.267) | (0.267) | °© 0.262) | 0.531) | 2©
. 0133 | 0643 |0571 |0357 |0607 |00667 |0.357
Feather Blennnies (R) 00 |(0352) | (1.34) |(187) |(0633) |(159) |(0.254) |(0.633)
453 |220 |479 |557 |371 518 | 3.37
Crested Blenny (R) 559 |@273) |(7.97) |(849) |(B98) |(809) |@as |371(9)
Seaboard Gobies (R) 0667 |0800 |100 |157 |0143 |129 |0.733 |0143
(0.900) | (1.08) | (1.66) |(2.24) |(0535) |(196) |(0.980) | (0.535)
Rock Seabass (1) 0.0667 | 0.0667 | 0.0714 | 0.0714 | 0.0714 | 0.0714 | 0.0667 | 0.0714
(0.258) | (0.258) | (0.267) | (0.267) | (0.267) | (0.262) | (0.254) | (0.267)
— 453 | 447 | 200 |413 |507 307 | 450
Pinfish (T) (104) | (5.24) | @73) | @50) |08 | @81 |@oe |>07(908)
Grey Snapper (1) 0133 | 0.0667 | 0214 | 0571 |00714 |0393 |0100 |0.0714
y =napp (0.352) | (0.258) | (0.579) | (1.02) | (0.267) | (0.832) | (0.305) | (0.267)
Lane Snapper (T) 0.267 [0 |0333 |0200 | 0714 | 0267 | 0133 | 0714
PP (0.799) (1.05) | (0.414) | (1.44) | (0.785) | (0.571) | (1.44)
. . 113 | 0733 |0267 |180 | 1.00 1.03 | 0933
Slippery Dick (T) (3.04) | (1.22) |(0458) | 326) | (346) |(@241) |(229 |100(346)
pigfish (1) 0400 | 0267 |0333 |0200 |0286 |0267 |0333 |0.286
g (0.910) | (0.594) | (1.05) | (0.414) | (0.825) | (0.785) | (0.758) | (0.825)
. 0.200 00714 |0214 |00357 | 0.100 |0.214
Seaweed Blennies (T) 00  |os61) 9@ | (0267) |(0.802) |(0.189) | (0.403) | (0.802)
Nassau Grouper (T) 0.0667 | 0.133 | 00714 | 0143 |00714 |0107 |0.100 |0.0714
P (0.258) | (0.352) | (0.267) | (0.363) | (0.267) | (0.315) | (0.305) | (0.267)
. 0.0667 | 0.0714 0.0714 | 00357 | 0.0333 | 0.0714
Bank Butterflyfish (T) 00 | (0258 | (0267) [°© | (0.267) |(0.189) | (0.183) | (0.267)
Fringed Filefish (T) 00) |0 |0© |0 ?60275;) 00) |o() ?6027;;)
Yellowedge Grouper (T) 00 |o0© |0© |0 ?6027(51% 00) |o0() ?(502761;4)
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1097 | 2000 | 2011 | 2016 | Natural Overall
Old old New New Natural New old Natural
(N=15) | (N=15) | (N=15) | (N=15) | (N=14) | (N=30) | (N=30) | (N=14)
0.0714 | 00714 | 0.0357 0.0714
Red Grouper () 0@ 0@ 100 | 0267 |(©0267) |0.189 |°© | (0.267)
0.733 | 0133 | 0200 |0.0667 0.133 | 0.433
Black Seabass (T) (1.79) | (0.352) | (0.414) | (0.258) | °©@ ©0346) | 1300 |°2©
Sand Perch (T) 00) |o0© |o@ |o() (()6(.)27(51% 00) |0() ?(')92761;4)
Soottall Pinfish (1 0133 | 00667 | 0133 |0133 |0143 |0133 |0100 |0.143
pottail Pinfish (T) (0.516) | (0.258) | (0.352) | (0.352) | (0.363) | (0.346) | (0.403) | (0.363)
0.133 | 0.0667 0.0333 | 0.0667
Spot (T) 00 | (0s516) | (0.258) |[°©@ |00 ©0.183) | 0.365) |2 ©
Planehead Filefish (T) 00) |o© |o@ |0 (()6(.)275;) 00) |0() ?(')92.761;3
Mottled Mojara (T) 00 |0(0) (()692635687) 00 |0 ?6913533) 00 |0(0)
Sergeant Major (T) 00) |0 ‘()1'_2(?33 00) |0() ?6.1733?0) 00) |0()
Black Grouper (T) 0(0) ?69265687) 00) |00 |00 0(0) ?69553?3 0(0)
Striped Killifish (T) 00) |o© |o@ |o() (()6?2754) 00) |0() ?692761%
Jack Crevalle (T) 00 |o© |o@ |o() ?6(.)27;;) 00) |0() ?692761%
Dusky Damselfish (T) ((36(_)26565 00) |0@©@ |0@© |0() 0(0) ?6%333) 0(0)
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Table S7Summary statistics for measurements of reef habitat complexity groupéemby< 10

years), Old (> 20 years), and Natural resfs associated statistical test results

New Old Natural
Reef Area (m?)
Mean (SD) 34.3 (13.9) 78.2 (12.7) 538 (293)
Median [Min,
Max] 30.6 [16.1, 60.0] 77.6 [56.2, 97.5] 649 [124, 781]
Reef Height (m)
Mean (SD) 0.308 (0.0387) 0.431 (0.0740) 0.338 (0.0563)
Median [Min,
Max] 0.298 [0.261, 0.379] | 0.450 [0.281, 0.497] 0.365 [0.258, 0.384]
Live Oyster
Count (n)
Mean (SD) 130 (110) 68.7 (42.1) 90.0 (109)
Median [Min,
Max] 100 [0, 351] 67.5[1.00, 121] 15.0 [0, 222]
KruskalFWallis Wilcoxon posthoc
Variable Csi:q" df p-value Comparison | p-value
Reef area (m?) 58.6| 2 1.862e13 | Old and New 9.1e10
Natural and New 2.3e07
Natural and Old | 2.3e07
| Reef height (m) | 29.0| 2 | 5.162e07 | Old and New | 4.4e06
Naturaland New | 0.1878
Natural and Old | 0.0001
Live oyster count (n) | 3.49 | 2 0.1739 Old and New 0.19
Natural and New 0.44
Natural and Old | 0.51
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Table S8AIl parasitized fish species and parasite taxa sampledNMem(< 10years), Old (>
20 years), and Natural reefash parasite numbers refer to the number of infected hosts.

New Old Natural Overall
(N=16) (N=30) (N=32) (N=78)
Fish Species
Oyster toadfish 4 (25.0%) | 20 (66.7%) | 32 (100%) | 56 (71.8%)
Crested blenny 9 (56.3%) | 8 (26.7%) | 0 (0%) 17 (21.8%)
Seaboard goby | 3(18.8%) |1 (3.33%) | 0 (0%) 4 (5.13%)
Striped blenny 0 (0%) 1(3.33%) | 0 (0%) 1 (1.28%)
Fish Parasites
Adult trematodes | 2 (12.5%) | 0 (0%) 2 (6.25%) | 4 (5.13%)
Larval cestodes |5 (31.3%) |8 (26.7%) | 16 (50.0%) | 29 (37.2%)
Larval trematodes| 6 (37.5%) | 12 (40.0%) | 2 (6.25%) | 20 (25.6%)
Nematodes 3(18.8%) | 10 (33.3%)| 11 (34.4%)| 24 (30.8%)
Acanthocephalans 0 (0%) 0 (0%) 1(3.13%) |1 (1.28%)
Site
1S5 2011 12 (75.0%) | 0 (0%) 0 (0%) 12 (15.4%)
2S5 2011 2 (12.5%) | 0 (0%) 0 (0%) 2 (2.56%)
CCA2 2016 1 (6.25%) | 0 (0%) 0 (0%) 1 (1.28%)
CCA3 2016 1 (6.25%) | 0 (0%) 0 (0%) 1 (1.28%)
roandfatReel L 1o 0w%) | 9(30.0%) |0(0%) | 9(11.5%)
opudfatReet L 1o 0%) | 5(16.7%) |0(0%) |5 (6.41%)
1%‘;‘1“'“ Reef2 1 (om) 5 (16.7%) | 0 (0%) 5 (6.41%)
Z%gdﬂat Reef2 1 (om) 3(10.0%) |0 (0%) 3 (3.85%)
15';5"3‘;0”'“ Reef3 150w |4(133%) |0(0%) |4 (5.13%)
Z%gdf'at Reef3 1650w |4(13.3%) |0(0%) |4 (5.13%)
Natural Reef1 | 0 (0%) 0 (0%) 7 (21.9%) |7 (8.97%)
Natural Reef 2 0 (0%) 0 (0%) 5 (15.6%) |5 (6.41%)
Natural Reef3 | 0 (0%) 0 (0%) 20 (62.5%) | 20 (25.6%)
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Table S9Toadfish parasitegrouped by sexual maturity of toadfish hosts (top) and reef age

(bottom).
Toadfish Sexual Maturity
Adult Juvenile Overall
(N=45) (N=11) (N=56)
# Toadfish Infected
Acanthocephalans 1 (2.22%) 0 (0%) 1 (1.79%)
Adult trematodes 2 (4.44%) 0 (0%) 2 (3.57%)
Larval cestodes 18 (40.0%) | 8 (72.7%) 26 (46.4%)
Larval trematodes 5(11.1%) 0 (0%) 5 (8.93%)
Nematodes 19 (42.2%) | 3 (27.3%) 22 (39.3%)
New Old Natural | Overall
(N=4) (N=20) (N=32) | (N=56)
# Toadfish Infected
Larval cestodes 3 (75.0%)| 7 (35.0%) | © 26
' ' (50.0%) | (46.4%)
10 11 22
0,
Nematodes 1(25.0%)| (50.006) | (34.4%) | (39.3%)
2
Larval trematodes 0 (0%) 3 (15.0%) (6.25%) 5 (8.93%)
Adult trematodes | 0 (0%) | 0 (0%) (26 2500y | 2 (B57%)
Acanthocephalans | 0 (0%) 0 (0%) (13 13%) 1 (1.79%)
Toadfish Sexual
Maturity
10 12 25
o)
Adult 3 (100%) | (90.99%) | (60.0%) | (73.5%)
Juvenile 0 (0%) 1 (9.09%) ?40 0%) 9 (26.5%)
Toadfish length (TL,
mm)
126 107
Mean (SD) (6.00) 129 (23.4) (40.6) 116 (35.1)
128
: . 126 [120, | 135 [69.0, 130 [29.0,
Median [Min, Max] 132] 156] [12594]0, 156]
Site
1S5 2011 3 (75.0%)| 0 (0%) 0 (0%) | 3 (5.36%)

222




New Old Natural | Overall
Site (N=4) (N=20) (N=32) | (N=56)
CCA2 2016 1 (25.0%) | 0 (0%) 0 (0%) |1 (1.79%)
Mudflat Reef 1 1997 | 0 (0%) 3 (15.0%) | 0 (0%) | 3 (5.36%)
Mudflat Reef 1 2000 | 0 (0%) 5 (25.0%) | 0 (0%) |5 (8.93%)
Mudflat Reef 2 1997 | 0 (0%) 4 (20.0%) | 0 (0%) | 4 (7.14%)
Mudflat Reef 2 2000 | 0 (0%) 2 (10.0%) | 0 (0%) | 2 (3.57%)
Mudflat Reef 3 1997 | 0 (0%) 4 (20.0%) | 0 (0%) | 4 (7.14%)
Mudflat Reef 3 2000 | 0 (0%) 2 (10.0%) | 0 (0%) | 2 (3.57%)
7
0, 0, o)
Natural Reef 1 0 (0%) 0 (0%) (21.9%) 7 (12.5%)
5
0, 0, 0]
Natural Reef 2 0 (0%) 0 (0%) (15.6%) 5 (8.93%)
20 20
0, 0,
Natural Reef 3 0 (0%) 0 (0%) (62.5%) | (35.7%)
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Appendix A: IACUC Approval etter

,___L Il East Carolina University.

Animal Care and
Use Commitee
212 Ed Warren Life

Sciences Building Fchrl]al'y 3, 201?

East Cargling University

GreammeNE 78 April Blakeslee, Ph.D.

252-744-2436 oftice . Department of Biology

zz7aa2sss i Howell Science Building
East Carolina University

Dear Dr. Blakeslee:

Your Animal Use Protocol entitled. "The Ecological Role of Naked Goby Gobiosoma
bosc Fish in Host-Parasite Networks in the Pamlico-Neuse River Estuaries” (AUP
#D346) was reviewed by this institution's Animal Care and Use Committee on February
3, 2017. The following action was taken by the Commitiee:

"Approved as submitted"

A copy is enclosed for your laboratory files. Please be reminded that all animal
procedures must be conducted as described in the approved Animal Use Protocol.
Modifications of these procedures cannot be performed without prior approval of the
ACUC. The Animal Welfare Act and Public Health Service Guidelines require the
ACUC 1o suspend activities not in accordance with approved procedures and report such
activities to the responsible University Official (Vice Chancellor for Health Sciences or
Vice Chancellor for Academic Affairs) and appropriate federal Agencies. Please ensure
that all personnel associated with this protocol have access to this approved copy of
the AUP and are familiar with its contents.

Sincerely

g

Susan McRae, Ph.D.
Chair, Animal Care and Use Committee

SM/jd
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Appendix B: Scientific and/or Collection Permits

The folowing scientific and/or collection permits were issued for the research in this
dissertation:

9 Field collections were authorized by tNerth Carolina Division of Marine Fisheries
(Scientific or Educabnal Permit #706671). The attached copy of this permit is from
2016, the first year of the authords resea
through the conclolkmp0@n of the authords w

1T The author supervised the thesis research
studied the effects of elastomer tagging on naked goby fish. The North Carolina
Department of Natural and Cultural Resources authorized this rese@obss Creek
State Park (permit # 2018 0236).

1 The author conducted research in the Carrot Island portion of the Rachel Carson
Estuarine Reserve. This work was funded jointly by North Carolina Sea Grant and the
North Carolina Coastal Reserve. This worlsvp@rmitted by Dr. Brandon Puckett,
Research Coordinator for the Resefpermit # 12018)

1 The author conducted research in the Middle Marsh portion of the Rachel Carson
Estuarine Reserve. This work was funded by the Garden Club of North America. This
work was permitted by Dr. Brandon Puckett, Research Coordinator for the Reserve
(permit # B-2019.
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