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Abstract

Coral diseasesare currently playing a major role in the worldwide decline in coral reef integrity.

Oneof the coral species most afflicted by diseasihe Caribbean, and which has been the focus
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of much researcis the sea faisorgonia vatalina. Ther is, however,very little information
regarding the capacity of sea $4o recove after being infectedThe aim ofthis study was to
compare the rehabilitation capacity ofG. ventalina after diseasethduced lesioa were
eliminated either bycrapng or extirpaing the affectedarea Scraping consistedf removing
any organisms.overgrowing the akskeletonfrom the diseaskarea as well athe purpletissue
bordering ‘these overgrowthssing metal bristle brusheBxtirpation consisted focutting the
diseased areancluding the surroundingurpledtissue,using scissorsThe number okcraped
colonies thatfully or partially rehabilitat@fter being manipulateandthe rates at which the sea
fanswhose lesions were cgrew back healthytissuewere compared amongl) colonies that
inhabited tworsites with contrasting environmemahditions; 2) coloniesf differentsizes and
3) colonieswith differentatiosof lesion to colonyarea (LA/CA). Both strategiegproved to be
very successful in eliminating lesions from sea fans. In the case of s¢rapargb®6 of the
colonies recoverd between 8-100% of the lost tissueithin sixteen monthsThe number of
colonies that recovered from scraping was similar between sites and among colony sizes, but
differed significantly depending on the relative amount of lesion to colony area ratiGA)LA
When lesionsswere extirpatddsions did not reappear anyof the coloniesWe conclude that
lesionscrapings usefulfor eliminating relativelysmalllesions (i.eLA/CA< 10%), as these are
likely to_reeover ina short period of timgwhereas for relativelyargelesions LA/CA> 10%) it

iS more appropriate to extirpatee lesion.
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I ntroduction

Coral reef.ecasystems provide a diverse array of goods, services and ecological functitmns vital
human sogietys Over0O0 million individuals across the World’s tropical coasts depend on coral
reefs for their livelihood or protein intaké/{lkinson 2004 Moberg & Folke 1999Salvat1992).
Reetfrelatedfishing comprissbetweer® and 2% of the World total fisheries (MobeggFolke

1999) and evenues associated to recreational activities are estitoatethundred of millions

of dollars (Dixon et al. 1993)n the Caribbean, for instance, the estimated economic revenues
obtained fron coral reef associated activities range from US$ESED million annually (Young
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et al 2012). Reefs are alsomajor source of carbon sequestration (Remoundou et al. 2009),
nitrogen fixation (Shashar et d1994), and together with rainforesase the major centers of the
Earth’s biological diversityNicintyre 2010) However, coral reefs are undergoing dramatic
declineswvorldwide (HoeghGulberg et al2007). These declines are particularly significant
the Wider Caribbeawhere nearly 80% of the corabver has been lost during the pdestades
(Voss & Richardson 2006).6R&sons for these declinae variable and complex, but there is a
general‘consensus that coral diseases played a major role, being one of — if nahe major
cause of partialahtotal tissue mortality in margoral species recent yeargEfrony et al

2009).

Coral diseasestudies have, for the most patioritized 1) the etiology of these afflictions and

2) theecologicalimpacts of these diseasaisthe colony, populatioand ecosystem levéBruno

et al. 201¥Nagelkerkeret al.1997;Smith et al 1999. Far less attention has been devoted to
developingireatmenstrategiedor afflicted colonieseven thougliield evidence suggests that
corals in general, have relatively low natural recovery (Tolesnandez et ak009). wo
approaches have been proposed to treat ddedsmies: 1) physical removal of thissue with

an activetinfection and 2) biological controls against pathogen. Hudson (200@nused
underwater suction device to remove the polymicrobial mat typical of black bandedBB&y
from massive scleractian coragealing the treated area with modeling clay afterweeglitski

& Ritchie (2009) used pathogespecific phages to contain infections produced by the bacteria
Vibrio corallilyticus andThalassomonas loyaran the Red Sea cordfocillopora damicornis
andFavia favugrespectively (Efrony et aR007). Theseapproacheshowever havenot been
extensivelystested in the field; therefore the applicability of these methodologies as management

tools isuncertain.

During thespast-few decades, Caribbean sea Gogybniaspp.) have suffered from several
infectiousdiseases, erotozoan infectios(Morse et al1981 Goldberg 1984), red band
disease\{/eil & Hooten 2008Williams & Bunkley-Williams 2000), skeleton eroding band
(Croguer et al»2006; Winkler et a2004)and aspergillosisNagelkerken et al. 199.7These
diseases inducemaacroscopiémmune response consisting of an increase of purple sclerites,
together with the disappearance of polyps in the afflicted area of the sea fan.irfsdtien
proceeds, partial mortality of tissue occarsating a lesion and leaving the axial skeleton
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exposedor fouling organisms such as algae and bryozoans to grow over the exposed skeleton
(ToledoHernandez et aR009). lesionsmaybecontained anthecomepermanent, or may

increase in size causing whole colony mortality, depending on the virulence offtbggraor

the strength of the immumesponse of sea farsliher et al.2009 Ruiz-Diaz et al 2013
ToledoHergandez &Ruiz-Diaz 2014.

The objective of this stly was tomeasure the effectivenesstwib strategiesscraping and
extirpating.lesionsas tools to rehabilitat®orgonia ventalinacolonies showing injuries.
Scrapingcensisted bremoving,using metal bristle brush&suling organisms overgrowing the
axial skeleterandthe purpled tissue bordering thesesrgrowtls. The success of this strategy
was measured bgstimating the rates at which the sea fans grow back healthy tissue on the
scraped ared@hree factors that can potentially affect tebabilitating process for the scraped
colonies were.considered: 1) environmental conditions, 2) colony size, and 3)dteetaten

the size of the lesion and size of the colony. With respect to environmental condigons,
hypothesized thatlativelyfew colonies would completely rehabilitate and would exhibit slower
rate of regrowth of healthy tissue at the sites with poor water quality when compared to colonies
at the sjtes,with,good water quality. Colonies inhabiting sites with poor gaddity have been
shown to exhibit higher abundances of lesions than colonies in sitebetter water quality
(Peters1997)=Turbid waters may induce physiological stress on colonies, ultimatelyirtgple

the resources necessé#oy recovey. With respect to the effect of colony sizee hypothesize

that lesion recovery should be independent of colony size, as stated by the loegkzreatation
hypothesigvhich state thatissue regeneration is exclusively dependent on the amount of healthy
tissue bordering thiesion(Bak & StewardVan 1980; Meester et al. 1994; Oren et al. 2001).
Finally, with.respect to the effect diie lesiorarea/colony area ratio (LA/CA)n the rehab
processwerhypothesized that colonies with a higher lesion area/colony area rat@X)LA/

should exhibit slower recovery than colonies with small lesion area/colonyagieacolony
integration hypothesis (Oren et 2001). The colony integration hypothesis argues that the
higher the proportion of healthy tissue with respect to the lesion, the more enelayl@avar
healing through'translocation of energy not just from the tissue bordering the lesion but from

areas further away from the lesion.
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Extirpation on the other hand, consistedcatting from sea fans, the diseased areas using
scissors. The succeskthistreatmenivas evaluated based on tie@ppearance of purpled band
tissueat the extirpated edge during the gtbhwrocess and themount ofnew tissuegrowing

where thdesion_existed.

M ethodol ogy

Study site

This study wasconducted from July 2011 to July 2013 in two mateserves located along the
Northeastern and Eastern coasts of Puerto Rico: The Luis Pefia Channel Natural Reserve at
Culebra (LRR),and, Isla Verde Urban Natural Reserve at Caroling AigRL). LPR is
characterized.by low urban development and no agricultural activities, thus thele o$
impactfrom runoff or nutrient input. Consequently, there is high water transpareneyragea
light intensity of 11673.3 Im/f), relatively low suspended partiaieatter,low sedimentation
rate, andow algal cover (Toledddernandez et aR007 CTH personal observationyhe coral
assemblage.is.dominated by small colonieBipforia labyrinthiformis, Orbicella (Montasiea)
annularisandPaorites astreoidedVR, on the other hand, is impacted by urban runoff and
discharges*from a nearby estuary that drains into the otkare isow water transparency
(averagea light intensity of 5781.9 Im/fh relatively highsuspended particle matter and
sedimentatiomateyear round, high algal cover, and ptmw coral cover (<5%J¥ominated by
smallsizes colonies of sediments resistant cdPalstes astreoideandSiderastrea radians
(Torres& Morelock 2003.

Lesion serapingexperiment

Two criteria were used to seit the colonies: 1) the health state of the colorydiseaseadr
healthy), and 2) the size of the colony (i.e. small, mediudarge. Diseased coloniesxhibited
lesionovergrown primarily by algae and the purple tissue ring surrounding the |eSarse ©f
lesions were unknown to us, as we did not perform any microbiological or histological analyse
to identify and diagnose the etiology of the lesions. However, most of the stiadase
literatureuse macroscopic featuressich as the one used in this study to diagnose colonies as
diseasear healthy(Smith et al 1996; Nagelkerkeat al 1997 Smith& Weil 2004). Healthy
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colonies in contrast, exhibited neither purpling nor lesions with fouling organisms overgrowing
the axial skeleton. A total of 3flseasedatolonies and 14 healtlgplonies were tagged at LPR,
whereas 28 diseased and 15 healthy colonies were tagged at IVR. Colonies with a total surface
tissue area ranging from 300-500%ere classified as small, those with a total surface tissue
area from 5041000cn¥ were classified as medium, acdlonies bigger 1000c¢hwvere classified

as large (Toledélernandez et aR009). To estimate the size of the tagged colonies and their
lesions(in‘the'case of the diseased ones), picivgestaken, at an angle approximately
perpendicularwith respect to the surface of the colony, with a digital submersible camera by

placing a calibrated board as backgrotmdliminate noise during the image analysis process.

Lesions from diseased colonies were scrajsiolg metabristle brushes. Scraping resulted in the
elimination of the fouling organisms overgrowing the axial skeleton and the purpke tiss
surrounding the overgrowth at both sides of the fans. While scraping, caution was taken not
breakthe axial skeletonTo determine if recovery was affected by the health state of the colony

an area eguivalent to 10% of the whole surface area of a healthy coloayreyasdcas explained
previously.*Tesdocument the progression of wound-healingeggoddoseups pictures of each

lesion (from,diseased and control colonies) were taken after scraping at monthly intervals for the
following.26"months or until lesions healed completely. Lesions were deemed halyed (f
recoveredl if the axial skeleton &s completely covered by healthy sea fan tidsegons were

also deemed healdftthe saaped area (axial skeleton) fragment&d purpling is part of an
inflammat@ry*response against infection or injury, we assume that colotiesitypurpling
shouldsignifieantly reduce theavestment ofesources intammune response, and therefore

should bel considered recovertdorder to estimate theepcent of tissue that healed or

recoveredn those colonies that did not fully recover within the experimentalper@dwe
subtrackdthe areanot covered by tissue at the end of the experimethietinitial area (bared

axial skeleton)just after scraping the lesion. If the skeleton fragmentied the experimental

period, the.estimated fragmented area at the end of the experiment was subtracted from the initial
bared axial'skeleton area. Sigma Scan Pro Image Analysis version 5.0 Software was used to
analyze all colony picturedMeasurements obtained from the Sigma Scan software were

validated after comparing them with situ measurements.
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Lesion Extirpation experiment

This experiment was conducted in a 56@fot, 1-3m deep in the LPR. For this experiment, 27
not previously manipulatecblonies were tagged, 17 were diseased colonies while the remaining
10 were healthy (as defined previously). The area of each lesion was estimated by analyzing the
digital images,as explained earlier. Extirpation of lesions consis@atong with scisses the

axial skeleton evergrown by fouling organisms includimg purple tissue rinigorderingthe
overgrowth:"Cuttings equivalent to 10% in average of total surface area werengeron

healthy coloniegto measure the effect of colony health staiscontrol for the effect of tissue
extirpation. Colonies were followed at monthly intervals for one year by meansuwkgic

Analyses of pietures were performed as explaadsal/e.In this experiment, colonies that did

not show any signs of disease tissue purplingor mortality, after lesions were extirpated were
considered fully.recoveretf.disease signs rappeared these were measured and followed as

previously explained.

Statistical analyses

We conductedhree,” analysega =0.05) comparing the number of colonies that fully recovered
after scrapin®@r yielded some level of tissue recoybetweenl) studysites 2) size classeand

3) lesionratioshaving LA/CA<5, 5<[LA/CA<10, andLA/CA>10). In addition, we compared the
rates of tissue recovesnyfter lesions were scrapéchange in lesion area through time) between
sites among size classesd amond.A/CA ratiosusing linear regression. To perform these
analyses, the“rates of recovery per size classes and LA/CA ratios were averaged at each study
site and logstransformed for data linearizatidhe slopes from the obtained linear regressions
were then compared with an analysis of equality of slopes as descriBe#ddy& Rohlf (1981).

A Student, Ttestwas done to compathke regrowttrateof tissue (defined as the deposition of
skeleton and,soft tissusUmber of daysbetwea diseased and healthy coloni8tatistical

analyses were performed using the softwanreersion 3.1 (R Core Team, 2014).

Results

Scraping Technique

Threedistinct mode®f lesionsrecoverywere observed) tissue regeneratiare. growth of
healthy tissue over the exposed skeleton from tissue bordering the leqartj&)
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fragmentatiorof axial skeletonand 3) a combination of the tissue regeneratimipartial
fragmentation of exposed axial skeleton (Table YerAgepercent of thénitial lesion size with
respect to the whole colony arad PRwas13.61 + 15.99 SD, while at IVR was 7.59 * 3.84.

For statisticabnalysigpurposeswe created three categories of lesion recovery: colonies that
healed betweeB0-100% of their lesion; colonies that healed between 8-79%, and colonies that
did not recever/(Table 1). When analyzed based on these classifications, colonies at LPR and
IVR showedsimilar patterns of recovepy € 0.0201; df = 1p = 0.8873)with 22% and 29%
colonies reachinfull recovery at LPR and IVR respectively. Similarly, 50% of the colonies
manipulated at LPR and IVRecovered80% of tissue. &n percenbf colonies at LPR and 7%

at IVR showedhan increase in lesion area with respect to their initial size

To furtheranalyze the effect of colony size on lesion recoverypaaedthe datebased on
colony size i.e. small, medium and large colonies. The statistical analysisdshowignificant
differences between colony size and recovery sudges®.0357 df = 2; p= 0.9823; Table 1).
Tissue regeneration was the most common mechanism of recévésty,as recovery

exclusively*byfragmentatiorwasrare(Table 1).

Finally, reeovery success varied significantly with respect to relative lesiars(y* = 6.483 df

=2; p=0039. For instance, 75% of the coloniegh relatively smaller lesionatio
(LA/CA<5%),recovereccompletelywhereas theucces®f colonies withrelatively larger
lesionsratigfr (5L A/CA<10% and_A/CA >10%), showed 68% and 42% respectively. Most of
the healthyseelonies exhibited full recovery, i.e. 12 of 14 colonies at LPR, and 13 of 15 at IVR.
Of the remaining two healthy colonies thad dot recover completely at LPR, one showed
between 80-99% of lesion recovery, while the other exhibited between 60-79% of lesion

recovery. .ILhe.remaining two colonies at IVR showed between 60-79% tissue recovery.

Rates of tissuerecovery

Rate of recovery fodisease@nd healthy colonies followed an exponential decrease through
time (R’*=0.77,p< 0.05 with Recovery tissue £.002t+1.48For diseased colonieand R=0.55,
p< 0.05with Recovery tissue .003t+1.260r healthycolonies) Rate of recovery of healthy
colonies was significantly faster thdiseased one§{ 1,33 = 6.243p < 0.05, Fig 2AYRuiz-
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Diaz et al.2013).Rate of tissue recovenf diseaseaolonies did novary between site§Fs (1, 25)
= 1.65,p > 0.05) nor with respect to colony si& (2, 2y = 0.027 p > 0.05) or relative lesion
size(Fs (2, 21y = 0.080,p >0.05),Fig. 2B-D. Rate of tissue recovery of healthy colonies did not
vary between sitesHs (o, 21)= 0.09383p > 0.09, or withrespect to colony size {k, »1 =0.042,
p > 0.05), Fig«2 B-C.

Colonieswithrextirpated lesions

Average size of the extirpated area of diseased and healthy colonies vari@d2¥omo 10.1%
with respeetdo‘total colony sizMone of the 27 colonies (17diseased and 10 healthy) exhibited
any physiological stress, i.e. tissue purpling, throughout the monitoring period siftesleere
extirpated..By.the end of the experiment, diseased coloniezbanvnan average of 11%f

the originalextirpated areslightly lowerthanhealthycolonies (control)whichin averageshow
19% of regfowsimilarly, the average daily rate at which the diseased (0.093fmB@ =0.087)
and healthy@T38mm d*, SD =0.0187) colonies regrew thetigpated area, i.e. was not
statistically différent T-test= 0.702, N =27, p >0.490).

Discussion

Lesions are smalcale disturbances common to all corals. Yet, the sources, as weal as
consequencesf these lesions are variable, i.e. abiotic bindic (Nagekerkenet al 1999).For
instance, predation-induced lesions for the most part, heal in a relatively isteoaind leave no
permanent'scarcC{TH, personal observation). Thalsey may have no other consequence than
the loss'of tissue and the correspondgpurcenvestmenin tissue regeneratiofowever,
diseasanduced lesions are unlikely to heal in a short time pefioteflocHernandez et al

2009. Mostlikely, a colonywill struggle to eradicate the diseas& may either contaitor
succumbro it, depending on the strength of its immune respfRae-Diaz et al 2013). In such
cass, human intervention gesirableand may contribute towardscovey. To our knowledge,
the present study is the first to documentftite ofdiseasanduced lesionafterbeing removed

by scraping or extirpation.

Tissue regeneration after scraping
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Three factors with the potential to affect tissue recovery were considered: ) logiation, i.e.
LPR vs. IVR 2) coloniessizes of coloy and, 3) the LACA ratio. Contrary to our hypothesis,
ourresuls showed thadites, and thuszater quality did not affect the capacity of lesion to
recover, ar influence the number of the colonies that fully or partially recovihede results
were surprising ase were expectingo observdewercoloniesrecovering and bwer rate of
lesionrecoveryat IVR due to stresses caused by lower water quality parameters. Previous
studies'havelinkdthe capacityof coral torecover their lesianwith the level of water
degradation®astork & Bilyard 1985; Rogers 19%isher et al2007;ToledoHerrdndez et al
2007). In factFisher et al(2007),has proposed tase the abundance of lesions on corals as an
indicator ofienvironmental stress. However, our data sugdestsda fans have an impressive
resilieng inttheir regeneration capacityhis might explain why sea fans are one of the most
dominant coral'across the inshore, degraded reefs in PuertdSRictarly, colony size per se,
does not appear to be a good predictor of recasegogcity as the levels afecovery werenot
related tosize of the colony. These results are in agreement with sttahelsicted on other
gorgoniangWahle 1983) andscleractinian coraldsher et al. 2007; Lirman 2001)

Interestinglysthe only factor considered in this study that hasilgnificant impacon lesion
regeneration capacity of sea fans wasiREC A ratio. Between68-75% of colonies with
LA/CA ratioofiless thail0%, exhibited 8A-00% tissue regeneratiomoweveronly 42% of the
colonies withLA/CA>10% ratio exhibited between 80-100%tissue regeneratiors
hypothesizedthe smaller the LA/CA ratiahe higher the probability of fully recovering,
whereas the larger thed/CA ratio the lower the probabilitgf fully recovery. In fact, the
average tissue.recovery increases as the LA/CA ratio decreases (e.g. 883 K5%,
69.9% for colonies with abL A/ICA<10%, and 58.7% for colonies witlA/CA >10%). An
explanationsferthis observeguhttern is suggestday Oren et al(2001) who argued that the
higher the amount of healthy tissiadesion areathe more resources available for healing

because resources produced away from the lesiobedsanslocatedo the affected area.

As in previous, studies, injury recovery was a time dependent process, being fastensétlod
experimentand decreasings time passed (Meester eti94; Lirman 2000). Hence, the longer
the time taken to recovery, the more likely the injury witbme permanergither as a
consequence of resource depletion, fouling organisms, or lothisl study|esions that did not
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recovered fullywere recolonized by turf algae and once again surroundealibgledtissue

thereforesuggesting that the col@s were immunologically active.
Colony recovery after lesion extirpation

Lesionextirpation was successful in that the very small angiéls exposed skeleton remaining
after cuting, sealedn a very short period dime andthus no foulingor purplingof the
impacted arewas observedrhus,these colonies regaindlaer healthy state rather quickly.
This heldtruein=all colonies regardless of tiselonysize or the lesion arean interesting fact
about thisiresult is that once the lesions are exéidyaéhe diseased colonies behave like a
healtly oneinderms of the rate at which the colony tissue reg@mvthe other handf,
comparedwithitissue scrapingxtirpationshowed a much sl@vrate ofregeneratiorof tissue
For instance, most of the diseased fans where lesions were scraped exhibited full recovery by the
end of the experiment. By contrast, diseased colonies whose lesions were exxpitided
only an average of 11% of tissue regeneratavidently, it tkes more resources and time to
regeneratghe-axis and associated componéehés to onlyregeneratescraped tissueHowever,
as in scrapinghe resources necessary to regeneratl#héssue might haveomefrom the
availablehealthy tissu¢Oren et al2001).

We are stillsfarsfrom preventing coral diseases as most of the pathogens causing these diseases
are unknown to us and the role of environmefatedorson diseasegtiology are still poorly
understoodHowever this study shows that scrapping or extirpatesions are effective
techniquesor rehabilitating sea fansith lesions Lesionscraping might be appropriate when
LA/CA ratio.is < 10% as these are likely to readily recover in relatively short period of time.
Moreover, scraping seems to be tegarocedure ast leasin this study the incidence of lesion
acrosscolones-adjacent to the manipulated onesraitincreasesuggesting that scraping did

not have a negative effect on adjacent ses. fais alsoworth to mention that the state of the
colony may haven effect on the recovery rates of lesiaas diseased fans recovered at a slower
rate than healthy fans. As these fans were immulogically activated previous to the experiment,
they may have depletguhrt of their resourcgse. amoebocytes or enejgynd consequently

have lessssetdor tissue regeneration.
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Extirpation of the lesion, on the other hand, may be better when |1&s\@# > 10%, as these
seldom recover completely if scrapddhe success of these techniques is yet to be tested on other
coral species, but if successfully applied they could be implemented asedfectte

management plan to rehabilitate coral communities. Furthernhisesttildy demonstratéisat

sea fandave.the capacityp recovermwith the help ohumanintervention Hence, we

demonstrate thahvolvement could help improwsoralhealth state and thus is a desirable

strategy'forthe'management and contradded fan diseases.
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Fig. 1 Map of Puerto Rico showing the study siles Isla Verde Urban Natural Reserve at
Carolina (IVR, boxA) and, The Luis Pefia Channel Natural Reserve at Culebra (LPR, box B)

Fig. 2 Linear regressiongf the rates of tissue recovettyrough time (A) between control and
experimental-colonies (Bbetween sites LPR and IVR (@mong size classes; smafiedium
and large (colonies and (@)nong lesion area and colony area refidCA . LSE lesion size
(bare skeleton
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Tables

Table 1: Number of small, medium and large colonies per locality (LPR or IVR, sewolliet

that exhibited.different amounts of recovery by different mechanisms: tissureratien (R),

fragmentation (F) or a combination of both R

Percent of tissue recovery (%)

100-80 79-8
Sites Size Total
Recovery 80-99 | Recovery 60-79 | Recovery 40-59 | Recovery 8-39 | NR*
Recovery Total
F|RF|R|F|RF|R|F|RF|R|F|RF|R|F]|RF
small 0 2 olo| 2 |olo| 1 ]2]o0o] 1t ]|]o]o] o 2 11
medium
LPR o 2 | 4]0 o0 |10 1 fo|1]| 1 [3]0]| 0] 1 16
large 0 0 2 1 0 1 0 0 1 0 0 0 0 0 0 5
small 0 1 tlo|l o lolo| 1 ]|2]0o|o0o |o|lo]| o 0 7
medium
IVR 0 0 1 0 0 0 1 0 0 0 0 2 0 0 0 6
large 0 2 s |lol 1t lolo| 1 ]|o|lo]| o l2]1]1 2 14
0 7 11 1 3 2 1 4 5 1 2 7 1 1 5
Total
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