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Summary
1. We quantified recoveryf planktonin a largesubtropicakhallow lakefrom the

catastrophic impacts of three successive major hurricihesassessmentas
possible becaudmirricanes passed directly oubee lakeamidan ongoing long
term sampling program that included nearly all components of the plankton, from

bacteria to crustacean zooplankton.
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We comparedtributes of planktorive years after thaurricanes t@ pre
hurricane period and ®periodimmediately after the stormgVe evaluatedboth
communitylevel properties (biomasbiomass ratigsdiversity,and dominance of
majorplankton groups) anspbeciedevel properties (specieabsolute and relative

biemassht four sites in the lake=presenting different ecological zones

The hurricanes strongly affected water quality plashkton communit structure.
The lake experienced a regime shift, losing its submerged aquatic vegetation and

beceming homogenous and turbid at all sampled sites.

Hve yearsafter the stormschemical and physical conditioecoveredacross the

lake, witha few exceptionBetween 35 and 93 plankton species were lost at the
sampling sites, with greatest losses in the phytoplankton. Relative species biomass
displayed substantive changes tbaphnia ambigualid not recover at thresf

the sitesPolyarthra vulgarisgreatly increasethke-wide, and at a central pelagic

site, there was a total loss of heterotrophic ritengellates and a much higher

biomass of diatoms than before the hurricanes, despite recovery of irradiance,

depth, nutrient levels and other attributes.

Most communitytevel propertieswvere resilient, returning tore-hurricane
conditions of total biomass, ratios of autotrophs to heterotrophs and ratios of
protozoa to metazoa. THikely happenedecause of species compensation in the
biodiverse communityThe exception was at a central pelagic site, where the

higherorder properties did not recover and nearly 50 percent of species were lost.

The.community resilience, despite a regime shift, may have occurred because of a
controlled lowering of water levels in the lake for flood protegtishich led to
regrowth of lost submerged aquatic vegetati®A\() and migration of mud

sediments back towards riake.

In'this lake and thers with a history of high nutrient inputs, shallow depth and
flocculent sedimentgesilience may be low unlessunteracting forces are able

to push the system back after a regime shift.
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Introduction

Catastrophic disturbances have large effects on the species that comprise biological
communities, in terms of changes in their relative biomass, and in some instances a
completeloss of taxa (e.g., Keller & Yan 1998; Supp & Ernest, 2014; Wu et al., 2015;
Yang et al., 2017). During recovery from a major disturbance, the re-establishment of
speciesristhighly variable and dependshenextent of physical alteration of the
environment, species growthtea, competitionpredatiorand other factors (Mén et al.,
2013; Duarte et al., 2015). While the full complement of species may not recover after a
disturbance,,communitigvel propertiege.g., total biomass) may fully recover because

of compensation, i.e., remaining species take on the role of those that have been lost
(Frostretraliy1995; Supp & Ernest, 2014; Connell & Ghedini, 2015). The extent of
compensation in a community relates to the number of species. This concept originated
decades agond it has been borne out in hundrefisase studies (e.gle Mazancoourt

et al., 2013; Duarte et al., 2005; Oliver et al., 2015). Plankton communities are highly
diverse, containing hundreds of species, and as such may be at the extreme end of high
resilience.The degree of community recovery also can vary among different areas of an
ecosystem:because of the idiosyncratic factors mentioned abovéi@iilie& Utz,

2015):

Communities do not always recover, because catastrophic impacts can be so
destabilizing that they cause regime shifts (Scheffat., 200}, whichsometimes are
irreversible.unless another countating impact occurs. Communities in disturbed
ecosystems, for example lakes with high rates of nutrient loading that have altered
structure andunction, are generally less resilient. As such, shallow nutrient-enriched

lakes, such as Lake Okeechobee, are more prone to regime shifts (Carpenter, 2003).
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Tropical cyclonegan be an extrenghisturbance event and chave both short
term and multiyeareffects on water quality and plankiomhen they affect lakes. There
aretwo well-documened examplesLake Okeechobee in the southeast USA (Haeéns
al., 2016) and Lake Taihu in southeast CHidlau et al, 2014) Tropical cyclonefave
affectedthese lakes in recent yeansdcaused major changesenosystem structure and
function (Haven®t al, 2011;Zhuet al, 2014;Havens et al.2016).

The'gewalls of threamajorhurricanes passed directly over Lake Okeechobee in
2004 (Hurricanes Frances and Jeanne) and 2005 (Hurricane Wilma). The wind gelocitie
during(those hurricanes, measurédcal-lake meteorological stationsvere87, 108 and
120 kmshgrespectively This created largevaves wind-seiches and wateurrents that
re-sus@ndedan estimate@.1, 0.7 and 1.4 million metric tons of mud sediment into the
water columpnand distributedt lake-wide (Jin et al, 2011). Thousands of hectares of
submerged aquatic vegetation (SAAI3owere uprooted. fiebackto-backhurricanes
resulted in 5-fold increases in suspended solidsjramdasedlissolved inorganic N
(DIN) and-soluble reactive P (SRRavenset al, 2011).Biomass of bacteria and
flagellatesiwas reducephytoplankton growth was suppressed due to ligtitation, and
there'was a shift fromitrogen (N)-fixing cyanobacteria to diatonBe@veret al, 2013).
Biomass ocrustacean zooplanktancreasedpossiblydue tolesspredation by sight-
feeding fish (Rogers & Allen 2008After the first twohurricanesthere was a short
lastingrelaxation of light limitationas solids settled from the water column, and this led
to a massive lake/ide bloom ofMicrocystisaeruginosaHavens et al., 2016Jhe third
hurricanegin fall 2005, immediately caudbd bloon to dissipate and it did not re-occur.

While there is substantive documentation of shkemta responses of shallow lakes
to tropical cyclones, there is no literature regarding l@mg recovery dynamic3 here
are case. studiegbout recovery of other ecosysteirsn perturbationincluding coral
reefs (Roff et al., 2015) and wetlands (Means et al., 2017), and studies documenting
planktonsrecovery from other disturbances, notably nutrient enrichment and reduction
(Jeppesen,et al., 200Wu et al., 2015; Yang et al., 2017). However, we can glean just
limited insight from those studiesgarding the resilience of plankton from a sudden

catastrophic event such amajor hurricane strike.
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To quantify the recovery of plankton in Lake Okeechobee fromdame
disturbance weised a unique long-term plankton dataset that included taxonomic and
biomasglata forbacteria, flagellates, ciliates, phytoplankton, rotifers and crustacean
zooplankton. The hurricanes Lttie lake at appsomately the midpoint of the 12year
monitoring,program to collect those datae Wedicedthat he plankton wouldose
species, and that most of them would recover because of their short generasantime
capacity'toreenter the community from connected places such askais l@toral zone.
We furtherpredicted thdtighdevel propertiesincluding total biomass, ratio of
autotrophs to heterotrophs and ratio of protozoa to metazwaid fully recover in the
speciegichsarena via species compensationr expectation that any sort of major
recovery could occudespite the intensity of the disturbance and a regime shift (Havens
et al., 2011; Beaver et al., 2018)as basedn knowledge thahanaged low water levels
occurredn theyears after the hurricas€rl his resuted inshallow water in areatathad
lost SAV. It also led to transport of fine particulates back towards the center of the lake.

Methods

Study-Site

Lake Okeechobee, located2&’58'N, 8050'W, is the largest lake in the southeastern
USA (1,730 k). It is very shallow (mean depth 2.7 m, maximum depth 5 m) and nearly
always.completely mixed (Rodusky et al., 2005). Approximately 30% of the lake is a
littoral zone,with emergent vegetation, and the pelagic hasfour ecologically distinct
zones (Phlipset al, 1993). The northern and central pelagic zones have high
concentrations of nutrients, are underlain by flocculent mud sediments and the
phytoplankton often is limited by ligh major difference between the north and central
zones is that,in the orth, there is higher phytoplankton biomass, because thiszone
the immediate proximity of inflows from the largely agricultural watersheght
limitationsis somewhat less common than in the ceatrak of the lake. Aearshore

zone extends alorye west and south edges of the lake, is adjacent to a marsh of
emergent plants, anderlies sand and peat sedimentsids lower turbidity and nutrient
concentrations, and years when water levels are low, Ihenthicmacrealgae and

SAV. A fourth zone is an ecotone.dta crescenthaped zone between ttentral and

This article is protected by copyright. All rights reserved



© 0 N O O b~ W N PP

W N DN D D DN DD DD DNDDN P PP PR PR R R R
o © 00 N oo o0 A W N P O O 0N OO 0ok N+ O

nearshorezones and is a place where there often is both optimal nutrient and light
availability to fuel cyanobacteria bloor{Bhlips et al., 1993).

We used data fronotir longtermsampling sitesf the South Florida Water
Management Distri¢twith onesitesin each of thecological zonesThe sitegFigure 1)
areN (north pelagic), Gcentralpelagiq, W (west in the transitiorzone) and S (south, in
the nearshorezong.

WaterQuality Sampling and Analysis

As with other studies of rare stochastic events, we took advantage of a pre-
existing:sampling program as the source of data. That program was designed to identify
long-term trends, not to quantify effects of hurricanes. Hence, the sampling frequency of
plankton was monthly or quarterly, which we know is not frequent enough to detect
shortiasting changes or rare species. Yet fier purpose of our study, where we looked
just at longterm changes in multi-year periods, the low frequency of sampling was
adequater

Samples were collected fradanuary 2000 to July 201&fterwards, many
plankten,components were eliminated from the program bgdkacy that oversees the
longterm monitoring Sampling was approximately monthly before August 2002 and
wasreduced tajuarterly intervalshereafter

At each sampling site, depth was measured with a weighted and calibrated nylon
line andtransparenayas measured with a 20 dstack and whiteSecchi disSD).
Temperature was measured atrappnately 0.5 m below the water surface, where
samples also were collected for analysis of cadial suspended solidg SS) Chl-,
ammonum (NH,), nitrate (NQ), nitrite (NO,), TP, TNandSRP. Nutrients were
analyzed following standard USEPA protocols including the use of reference d&ndar
and blanks./All samples were filtered through Whatman GF/F filters before analysis
(USEPA;11979SFWMD, 2002). Chla samples were also processed follogvthe
standardUSEPA method and analyzed by a spectrophotometer, with and without
correction for phaeophytin, until December 2010, after which the samples were analyzed

by high performance liquid chromatograpkPLC). Sampleswith over-lapping
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measuremas by the two techniques for approximately gaar indicatd no significant
difference in results.

For multivariate statistical analyses involving the plankton, we used the paired
(plankton and water quality) quarterly data. However, for a comparison of watiy qual
conditions,before the hurricaneésymediatelyafter he hurricanes and in a recovery
period (seebelow), we used monthly data from a separatédamgmonitoring program
of the same“state agency, collected at the same locations and analyzed with the same

methods;in‘order to have a larger sample size.

Plankton sampling, counting and calations

Samples were collectexynchronously for analysis of crustacean zooplankton,
rotifers, ciliates, phytoplankton, naflagellates and bacteridypically sampling began
at near 0800 and was complete by 1200 on the same day, with different routes being
taken between stations over the period of red@rdstacean zooplankton was sampled at
each siterby taking vertical tows through the water column from 0.5 m off theesddi
using a153m mesh 3cm diameter conical net. Retained animals were rimded
amberplastic bottles and preserveesdr withchilled sucrosdermalin. Rotifers and
nauplirwere sampled with a 3 cm diameter integrating tube. 20 L of watecollected
from the entire water colummixed ina plastic carbaypoured through a 3om
plankton.net and the retained animals were preserved as above. Another integrated
sample'wasitaken for ciliates, phytoplankton, flagellates and bacteria. Phitoplavas
preserved'with Lugol's solution; bacteria and ciliates were preserved wiim@ikered
formalin and flagellates were preserved with cacodyaféered glutaraldehyde. All the
samples had final fixative concentrations of 15%.

Werdetermined the biomass, number of species and Shvieoer diversity
index (H)-for each plankton gup. Mcroscopic analyses of plankton were done by
counting at least 400 individuals in order to achieve counting accuracies of 90% (Lund et
al., 1958).The same laboratoBSA Environmental Services, Ohio, USA) prosedall
the samples from theng-term programMacro-zooplankton was counted at x100
magnification. Population densities were estimated from counts as numberbased
on the volume of water sampled by the net and assuming 100% sampling efficiency. At
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least 10 individuals of ehcspecies were measured in each sample, and dry weights were

calculated using published lengtfeight relationshipgMcCauley, 1984). Dry weights

were converted to wet weights and then to units of carbon (C) biomass as 0.075pg C pg

wet weight(Latja & Salonen, 1978), assuming that dry weight is 10% of wet weight
(Pace &Orcutt, 1981). Rotifers, nauplii and ciliates were quantified onralpbasis
using the inverted microscope method (Let@l., 1958) and a 24-hour settling time.

Organisms'were identified to species or lowest practical taxonomic level and enumerated

at x600 magnification according ®eawer & Crisman(1989) As with the crustaceans, at
least 10 individual rotifers, nauplii and ciliat@ere measured (each species in each
sample) fantheir lengths and widths to determine biovolumes of ciliates and difytsvei
of nauplit and rotifergMcCauley, 1984)Ciliate C biomass then was estimate@.4atl pg
C um* (Rocha & Duncan, 1985)yhile C Homass of rotifers and nauplii was calculated
as 0.075.pg.C pgwet weight, as was done for crustacefdragja & Salonen, 1978)
Phytoplanktorwascounted and the biovolume and C biomass determined in the
same manner as was done for ciliates. Phototrophic and heterotnapbitagellates
(PNF, HNF)were enumerated by the epifluorescent method of Caron (1£83)
stainingeeells with Primulin on 0,8m Nucleopore filters. Biovolumes were calculated by
measuring cells and approximating size from regular geometric forms. Counts were
converted to C biomass as 0.10 pgr&® (Borsheimet al., 1987)Bacteria were stained
with acriflavine (Bergstrom, Hein&n & Salonen, 1986) on 0.2 mm black Nucleopore
filters before counting with an epifluorescent microscopel@00. Cell volumes were
determined based on measurements of dimensions with an ocular micrometer and C

biomass was calculated as 0.106 pgnt® (Nagata, 1986).

Data Analysis

The historical sampling period was dividietb three parts- pre-hurricane (January 2000

to January 2003), hurricane (September 2004 to November 2006) and recovery (January

2009 to July,2012). The main aim ofdlpaper is to compare the pnerricane plankton
community structure and abiotic conditions to the recovery period, given that other
papers have presented in detail the steorh response to the tropical cyclorfesy.,

Havenset al., 2011Beaver et a).2013; Zhu et al., 2014However,we includesome
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hurricane data for context. The pre-hurricane and recovery periods each include 3 years
of data, and the recovery period does not begin until 5 years after the last huiitheane.
hurricane period coversdhime from onset of the first hurricane until one year after the
last hurricane.

The.initial data analysis included constructing notched box platsier to
compare the major physical and chemical characteristics betwebanrpiene, post-
hurricane“and recovery period¥herethe notche®f two compared plots (interval
between'the UCI and LClhich are thaipper and lower 95% confidence interval of the
medians), do not overlap in the plot, the medians are consideredigmbiieantly
different atxe®5% confidence levéMcGill et al, 1978;Chamber®t al, 1983).

We evaluated changesptankton biomass and taxonomic structarevo ways
at eachsamplingsite. Firstwe examined the data from the thpegiods, looking just at
highHevel properties: ttal C biomasstotal biomass of major taxonomic groups, and
biomass ratios of autotrophs to heterotrophs, protozoa to metazoa, and phytoplankton to
zooplankton. Differences in the biomass of main groups and the ratios of functional
groupsamengthe three periods were detected raskal-Wallis nonrparametric test. If
p<0.05xthen Mannwhitney U tests were implemented to identify the differences
between pre-hurricane and hurricane or recovery period, nsimgarametric tests in
IBM SPSSStatistics24. Then we performed PCA for cladocerans, copepods, rotifers,
ciliates.and pytoplankton, focusing on the biomass of dominant (>5% of total in more
than two"samples) species. Our aim was to determine whether the recovered species
compositierwassimilar to the prenurricane composition. The PCA was performed using
Canoco 4.5 (Ter Braak & Smilauer, 2002he raw meaitentered data were used in the
PCA.Because the data in each of the three periods was collected quarterly, we do not
expect.any.igges with temporal autoorrelation. Further, the comparisons in the PCA
are just.between three periods, and there is no attempt to establish time series where
temporalauto-correlation might be of concethipses 0f95% confidence were
supemposed on the PCA plots to visualize differences between the three groups, using
packagéeécar in R (Fox & Weisberg, 2011). To avoid subjective judgments, two-
dimensional Kolmogorowsmirnov test§Peacock, 1983)ere applied to detect
differences between the thremgps of points on PCA plots, usingAMILAB R2015b.
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Results
Water quality

The hurricanesauséd largechanges in all abiotic parameterstsg four sampling
sites(Figure 2) with the exception of water temperatuire addition to wind effects, the
stormsproduced heavy rainfall and runoff to the lake and this resulted in increased water
depthsWaves and currents entrained sedimefsgsa result,TSS doubled ratios of SD to
total depthdeclined and concentrations &fIN, SRP, TN and TkhcreasedChl-a
concentrations decreaseffer the hurricanesvith the exception of a shddsting
cyanobacteribloombefore the third stormFve years after the last hurricane almost all
of the water‘qualityparametersiadrecoveredo prehurricane conditions, with the
exception oficontinued lower Chlat thecentral site and lower TN concentratiainboth
thecentrd and south site€0.05).

Plankteneommunityrecovery

Thesresponse of planktoat a coarse levelf resolution,was similar to water
qualitysIhe total planktof biomass substantially declinedringthe hurricaneperiod
at all ofthe sites, as did biomass of phytoplankton, bacteria and flagella¢estal
biomass recoveredgithin 5 yearsto prehurricane concentrations, at the south and north
sites(Table 9. Total biomass also increased at the west site, but not-taupiieane
concentrations. At the central site, total biomass declined in the recoveny. pae
relative'proportion o€ biomass ofmgor taxonomic groups also changed during the
hurricanes, with more crustacean zooplanktoaifly calanoidsand less phytoplankton
and bacteria, bdive years latemostsites recoveretb pre-hurricane condition&igure
3a).

When the C biomass of major plankton groupserdinated with PCA, distinct
patternssemergedrigure 4). The centers of 95% confidence ellipses oflpuericane
and recovery periods are close to each other and separated strongly from tlseo€enter
ellipses forthe hurricane period, suggesting recovery. The north and sibeshecovered

to a greater extemhan the centradndwest sits (<0.05).
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Other highlevel community properties weedsoaffected by the hurricasebut
then recovered five yeardéa to prehurricane conditions, includinghe Cbiomass
ratios ofzooplankton to phytoplankton, atitophs to heterotrophs, and protozoa to
metazogTable 2). The ratio of zooplankton to phyt@pkton C biomass increased
duringthehurricaneperiodbecaus®f increasingC biomas®f copepods, and then
decreased five years after the hurricanes

Plankton'species changes

The totalnumber of planktospecies wagreatly reduced during the hurricane
period eompared to the pre-hurricane period, at all four sampling sites (Table [&). Whi
the numbers of species increased in the recovery period, they did not reach the pre-
hurricane leyvels. At the four sites, this letegm reduction in number of species was 93
(Central), 80 (West), 35 (South) and 59 (Norff)ese ‘lost’ species may still have been
present.in the lake but at densities below the limits of detection by our sampling a
countingymethods. A large percentage of species were found only during the pre-
hurricane period or only during the recovery period (Tahl@yviding further evidence
of the"magnitude of the community restructuring in terms of taxonomic composition.

The change in plankton taxonomic structure was mainly due to a loss of
phytoplankton species and by a large change in the composition of rotifer species from

pre-hurricane to recovery periodsli@es and crustaceans had similar species richness in

the pre<hurricane and recovery periods. The average numggeaés per sample also
decreased-duringpe hurricane period, but returned to a level not significantly different
from the pre-hurricaa periodin the west and north sitesh& number ophytoplankton
species per samptid not recover, howeveotifers and ciliateseboun@dto a higher
level thanin.the pre-hurricane period. The numbefgopepod and cladocerapecies
also recoveredrhe ShannoiWiener index changed a manner that wasmilar to
speciessichnessligher values occurred for rotifers and ciliates inrd@very period,
and values.were low for phytoplankton compared to the pre-hurricane period.

The hurricanémmediatelyled to dominance by meroplanktori@toms and
near a complete loss of cyanobacté¢Fmure d), the only exception being the short-
lastingM. aeruginosabloom in 2005Cyanobacteria regained thé&ypical longterm
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dominance in the phytoplanktdine years after the hurricanes, especiallthatvest,
south and north siteslowever, at the species level, there were large differences in the
relative C biomass amongst cyanobactbetween the pre-hurricane and recovery
periods. The 95% confidence ellipses in the PCA results sumntiaeizifferences in
taxonomie,structure in the recovery period compared to the other periods (Fyure 4

Although there are ndata on taxonomic structure of bacteria and flagellates,
those plankton groups also displayed changes in C biomass between the three periods,
with evidence of impact and then recoveFglfle ). Further, greaterelative biomass of
cocci bacteria and phototrophic naftegellates occurred ithe recovery period than in
the pre-hurricane period (Figure)3The PCA plots indicate this lack of complete
recovery, as the 95% confidence ellipses do not overlap, particularly at the central
sampling siteKigure 49.

Ciliatesresponded differently at the four samplsitgs Table 3. Thar C
biomass decreaseigiht after the hurricarsat the central, north and west sites, but not in
the southFive years after the hurricanés the recovery period, the C biomass ibates
wasnot'significantly different from that measured in the-puericane period.
Tintinnidium fluviatile(Choreotrichida) was th&pecies with highest C biomagsgure
3d). Itsrelativebiomassamong ciliates decreasedmediately after the hurricasand
thenincreaseaxcept at theentral siteCodonella craterawhich also belong® the
Choreotrichida, iaineda relatively higher proportioaf the ciliate Cbiomass
immediately. after th@urricanes, and remained higher in the recovery pesiodptat
the soutksite. Although the dominant species durithge recovery periodere similar to
those during the pre-hurricane peritdukir relativeC biomasses changethus, the
ciliate community did not display a recovery at the taxonomic lévéhe PCA plots
based on.ciliate species C biomdsgre 4i) the centers dd5% confidencellipsesare
far apart for.the praurricane and recovery periodtthreesites particularly at the
central sitevhile it recovered at the sousite In relative termstotifer C biomass varied
more between the three sampling periods than did the biomass of any other plankton
group, although it accounted for just a small part of the total C biomass. At all of the sites,
rotifer biomass was low in the phairricane and huicane periodsTable ). There was a

lake-wide increase in rotifer biomass five years after the storms, with the largest increases
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atthe west and sousiteswith or near submerged planthiélsmallest increasegereat
the deepenorth and centradites The dominant species also chandéetatella
quadratg K. cochlearis Conochilus unlcornisBrachionus havanaenssdEuchlanis
dilatata lost their dominance, arRblyarthra vulgarisand other species became the
dominant.enes during the recovery period (Figwe Bhe species changes also are
evident,in the PCA plots (Figure 4e). The rotifer samples taken during themecove
period'scatter far away from the samples taken duringrialurricane period and none
of the four'sites recovered.

The C biomass of copepods increased during the hurricane period, while
cladocerantiada spatially variable responsgaple ). Only a few of the changes were
significant Biomass generally returned to grerricane conditions five years after the
storms, however, the biomass of copepods was loweiirittaepre-hurricane period.
Likewise, the biomass of cladocerans was lower than in theysrezane periodbut not
significantat most sitevecause of high variation in the dafhe cladoceran assemblage
tendedsterbe more diverse in the recovery period than jpréHeurricane period, with
the exception of the central s{teigure 3). Daphnia lumholtzandBosmina longirostris
were found more after the hurricanes than befdrembiguawas greatly reduced at the
southgnorth and west sites. Althouljittodaptomus dorsalisndMesocyclops edax

remained as the dominant species, there was an increase in the relative C biomass of

nauplii;.calanoid copepodids and cyclopoid copepodids in the recovery period, when they

made up‘mere than 50% of the total copepod C bionkagsré ). The PCA plots
revealed.differaces in taxonomic composition among the three periods (Figureldst
of the Crustacean zooplankton samples taken during the recovery period eatedepa
from the prehurricane period, and the centers of the 95% confidence ellipses are at
disparate_ locations in the PCA 1 vs. 2 plot. This indicates that in generalistecean

zooplankton did not recovés taxonomic composition.

Discussion

Overview

Three consecutive hurricaneadcatastrophic effects doake Okeechobee, pushing the
lake into an alternative state (Havens et al., 2011; Beaver et al.,s20E8Bcheffer et
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al. (1993). Here we documented a recovery of plankton that many of the expected
properties observed in prior studies conducted on other ecosystems ranging from coral
reefs Roff et al., 201%to estuariesQuarte et al. 2015 soil communitiesNleans et al.,
2017) and lakes responding to reductions in nutrient inputétal., 2015. The plankton
at three.of.the four sites in Lake Okeechobee were resiletitat their species
composition changed yet thegtained most of their communitgvel properties. The site
that'did"notrecover, in the central pelagic zone, lost nearly 50% of its plankton species
Our prediction that most of the plankton species would recover after five yeagséec
of short generation times and capacity t@enéer the community from connected places
such asitheylake’s littoral zone was not supgd. However, we did find that a greater
percentage’of species recovered at sites near that littoral refuge.

Lakewide, the extensive loss of phytoplankton speciesappearance of ‘new’
rotifer speciesnay have bena function of subtle changes in environmental conditions,
competition, predation or even parasitism and cannot be explained with the data in hand.
The ensuing discussion does not heavily focus on why certain species were replaced by
others, and‘instead considers commulatyel properties, spatial variation in resilience,

and reecovery from a regime shift.

Tropical cyclones as catastrophes for shallow lakes

Tropical cyclones are a common and catastropbiardbance of lakes occurring
in lowlandareas of the subtropics near oceans and Séadiow lakes are particularly
sensitivetostheg events becauskeylie in areaswith flat topography, so thaven ifa
lake is not largetherecan bealong wind fetchover adjacent land onto the lake surface
Becaise shallow lakes also tend to occur at the lower end of drainage basisthey
receivean.influx of nutrientrich water after intense rain evetist usually accompany
cyclones. Finallybecause of the close interaction between sediments and wat@ncol
a moderately strong cycloman transform a lake or parts of a lake from clear water with
SAV to highly turbid water with very little primary productivity, even in the plankton
(Havenset al., 2016) The potential fosuch aregime shift is higl{Carpenter, 2003) and

depending on circumstances it may be irreversible

This article is protected by copyright. All rights reserved



© 0 N O O b~ W N PP

W W N N DN DN N DN DN DNMNDN P PP P PP PPk
O © 00 N O o0 A W N P O O 0 N O O b W N — O

Despite the potential impaof tropical cyclones on some of the waslidrgest
lakes(Havens et al., 20163tudies oftesilienceof the full communityfrom impacts of
tropicalcyclonesare non-existent.dngterm data from before and after esaterare

and the stormarenot predictable in time docation of impact.

Recovery of the phytoplankton

Nutrientavailability and underwaterradianceareprimaryfactors limiting
phytoplankton productioim subtropical lakes, where intense fish predation precludes
top-down cantrol by zooplankton grazedggpesen et aR007;Havens& Beaver 2011).
In Lake:Okeechobe#heresuspension of muddy bott@adimentss the major factor
controlling underwater irradiance in the north and ceatraks, while phytoplankton can
also attenuate light in the transition and retaorezones(Phlips et al. 1993). Submerged
aguatic vegetation and periphyton also can affect irradiance by competing with and

reducing _phytoplankton biomass in the near-shore zone (Havens 2003). Previous studies

revealedhatthe physicaéntrairmentof millions of metric tons of mudly sediment into
the watercelumnwasa major impact ofthe Floridahurricanes (Havens et a2001,
2011;Beaver et a).2013;Havens et al.2016). It led to reducdayht availability for
primary-productiorand raiged concentrations of DIN and SRP to very high levels that
later fuekdcyanobacteriaharmful algablooms.

Whenturbid, light-limited conditionsdisappeared five yeaadter the hurricars
phytoplanktornC biomass an€hl-a recovered to pre-hurricatevelsin the neaishore
zone. However, in the centraglagiczone the phytoplankton biomass remained, low
coincident with théargest reduction in number of species at any of the four sampling
sites Thelow biomass alscoincided with a lower concentration of N than before the
stormrs, Eatrlierstudieshave demonstrated thatidlthe nutrient that most often limits
phytoplankton productivity in Okeechobee (Aldridgfeal.,1995;Phlips et al. 1997), and
that N_may be of equal importance to P in controlling cyanobacterial harmful algal
blooms(CyanoHABSs)in general (Paerl et aR016).

In the one other study to examine theponse of a large shallow lake to tropical
cyclones (Zhu et gl2014), Lake Taihu displayed almost immediate blobtitsocystis
coincident with sediment resuspension and elevated nutrient concentatised.o
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reviewing the results of that study and others conducted on Taihet{@in2007),two
major differences between the lakes are: the nature of sedjrardtsole of mero-
plankton. The central pelagic zone of Okeechobee has flocculent mud sediments with a
high amount of fine inorganic material (Aumen & Wetzel 1995). When the lake is
affectedby,wind and waves, resuspension of this material results in elevated levels of
DIN and SRP, but also extreme and ldagiing extreme low underwater irradiance
(Havens'etal.2011) The central area of Lake Taihu has saadiment, and the northern
area has'dense meptankton (Zhu et al., 2014). Thus, wind and wave-driven
resuspension in Taihu immediately brings cyanobacteria into an environment with
abundantmutrients and adequate light for bloom formation. Indeed, the nature of
sediment material may be the most important factor determiningtshmrresponse
dynamicsof shallow lakes to cyclonef the longetterm fyeas), both lakes responded
in asimilar mannerLake Okeechobea&lso had a large blooafter hurricane impacts
comprisedf the sameMicrocystisspeciesas in Taihubut it was delayed b0 months
due to dightdimitation, and it was suppressed by a third hurrifidaeens et al.2016).
Recovery of the protozoa

While less is known ajut the factors controllingiomass of protozoa in
subtropical lakes (grazing vs. bacterial biomass vs. POC, for example), their responses
generally matched what we observed in the phytoplankton and were again consiktent wi
the prediction about recovery of high-level properties and a change in taxonomic
composition. The ratio of protozoan to metazoan biomass recoveredhorpgoane
levels as.did the total biomass of ciliates. Flagellates recovered, except that heterotrophic
forms were nearly absent at the central pelagic siteeimecovery periadlhe taxonomic
composition of the ciliate assemblage was very different in the recovery period than in
the period. before the hurricandis might reflect a change in the composition of
bacteria.or flagellate taxa, because ciliategjarte specific in their food selection.
Howeverywe do not have data to test that hypothé#ide lessoften studied than
phytoplankton and metazoan zooplankfmmtozoa play a critical role in energy transfer
in pelagic food webs, particularly in higheutrophic lakes (Beavé Crisman 1989;
Work et al, 2005).
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Recovery of the zooplankton

Immediately after the hurricanes, cladocerans declined while copepods increased,
even though phytoplankton and other food resources were reduced in biomass. A study of
the response of the lake’s fish assemblage to the hursi¢Rogers & Allen 2008)
providesa.possible explanatiothere was anncreased dominance by zooplanktivores
after the stormfFish predation isonsidered a reason for thearcity of cladocerans
during"'summer monthia Florida lakes, as well as in other lakes in the syits
(Jeppesenet al., 200Havens et aJ.2015). The dominant copepod in the lake,
Arctodiaptomus dorsaljss the most common crustacean in Florida (Bay@ri&man
1983; Crisman et al., 1995; Beaver & Havens 1996) and it has the ability to undertake
rapid escape maneuvers to escape fish (Ha&aeaver, 2011)It also is possible that
high abiotic turbidity immediately following the hurricane increased the readistemce
of sight-feeding fish and that this further favored the copepods. While we have no data on
the longer-term changes in fish biomass or taxonomic composiguarakattributes of
the crustacean zooplanktareconsistent with continueeffects offish predationn the
recovery period. Thosatributesnclude:(1) redued crustacean biomass; (2) increased
rotifer-biomass(3) lack of recovery oD. ambiguaexcept at the turbid central pelagic
site; (4)increased ratio of immature to adult copepods; and (5) high percentagglof nau
in total copepod biomass at the south and west sites compared to thesgentral

Spatialwariation ofecovery

Because the extent and nature of recovery are dependent on many attributes of the
ecosystem, they can be highly variable and not predictable. This tendency for recovery
from a catastrophe to himpredictable (Duarte et al., 2045 well-documented in the
literature,.and it can happen within the confines of an ecosystem. From siatelijezy,
the entire pelagicegionof Lake Okeechobee that we studied appears to be a
homogeneous expanse of water. However, past research has shown that there are distinct
zones that,vary in sediment type, depth, irradiance, presence vs. absence of SAV and
composition of the plankton (Aumen & Wetzel, 1995). We predicted that because of this
heterogeneity, the plankton at the four sites would not display the same recovery
characteristics- and not have the same resilience. The results bore out this prediction.
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The central pelagic site displayed the lowest resilience, in terms of a lack of recovery of
the biomass of total plankton, phytoplankton, bacteria and flagellates. édrntral site,

we also observed that just 48% of the species recovered, compared to 67%, 84% and 72
of species recovering at the westith andhorth stes. The highest recovery at the south
(nearshore) site and lowest recovery at the central site madgiie to their distances

from the littoral zone. The littoral zone may have served as a place that protected
plankton‘species during the impact from the storms, and distance might explain why the
centralzonehasdid notregainits species, even aftevé years. This hypothess

plausible because when walevel is lowv in this lake, as in the recovery period, a
prevailingseeunterclockwise circulation gyre in the pelagic zode(et al., 2007) does

not extendsinto the near-shore zpassentialljkeeping the central pelagrone isolated.

Recovery following a regime shift

When lakesnd other ecosystems switch to an alternative siduefier, 1989),
alsoreferred to in the literaturgs a regime shifiQarpenter, 2003 there are major
changesnbiological structure and functionriér disturbancessuch as nutrient
enrichmentcan lower ecosystem resilience and facilitate regime gBiftkos et al.
2015),»which then may occur suddenly when there is perturbation by someuohcas
a hurricane. Lake Okeechobee was perfectly poised for a regime shift prior because
decades of agricultural activity in the watersfieldig & Havens, 199fhasled to a
massiverquantity of nutrient-rich organic mud covering over 40% of the p&&gic
bottom(Fisher et al., 2001). Sackesediments armixed into the water columioy wind
and waves during even common thunderstorms (Jin et al.) 2887s a resulthe
central pelagic zone @ften turbid, has low mean irradiance in the mixed laged has
light-limited phytoplankton (Aldridge et al., 199%jadwater levels remainekigh in
Lake Qkeechobee iyears after the hurricane, we suspect that the lake would have
remainedin a turbid state, as happened in the late 1990’'s during a period of high water
with only-limited SAV (Havens et al., 2000). Fortuitously, the dike that surrouskks
Okeechobee was deemeaisafe by the US Army Corps of Engineers, and they
implemented a new flood contrethedule to regulate water levels (USAQBO08). The

result was increased outflows of water from the lake via locks, gates and canals, and a
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substantial lowering of water level. This served as a second ‘impact’ to the ecosystem
that allowed the SAV to restablish its former spatial extent (3Q0ta before the
hurricanes, <8,000 ha after the hurricanes, and 40,000 ha in the recovery period,
SFWMD, unpublished data). It is likely that the low water level also allondichsat to
migrate. back toward the center of the lake, as has been observed in past shallow periods
(Havens etal., 2001).

This'study allowed us to characteripe the first timehow the plankton of a
shallow eutrophic lake recovered from a catastrophic hurricane effects. We also discerned
that recovery of ertain communityattributes such as total biomass, ratio of autotrophs to
heterotrophs and ratio of producers to consumversresilient because of the diverse
plankton"assemblage that allowed compensation by species that survivealesfidfr
species thatiwere logh the one location where recovery did not happen, there was a loss
of nearly 50 percent of species. The findingscarmesistent with theoreticatsearctand
case stu@s inrecent decades desy with community resilience (Loreau &e
Mazaneaourt, 2013; Connell & Ghedini, 2015; Oliver et al., 2015), and indicate that
factors affecting resilience in terrestrial and other aquatic systems apply to the highly
diverse.plankton of lake®Vealsoobserved that in a seemingly homogeneous pelagic
zone,differences in @éh, underwater irradiance, sediment type and presence vs. absence
of SAV influenced resilience and the recovery of community properties, including
species diversity. Finallywve found that a second major perturbation (lowering of water
level) was'sufficiat to reverse a regime shift brought on by hurricanes, and we conclude
that shallew nutrienénriched systems such as Okeechobee are not resilient without such

counteracting measures.
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Table 1 Plankton biomasat thefour sampling sites during the three periods:aicane (Pre), hurricane (Hurri) and pbstricane
(Reg in-Llake’ Okeechobeémears + one standard error (bootstrapped), ug it Bold font means there is significant difference
(p<0.05)'between PRE, HURRI and REC periods based on Mann—Whitney U test. Total il thierwdss of all plankton groups.

Total Phytoplankton Bacteria Flagellates Ciliates Rotifers  Cladocera Copepoa

Pre 275.6£26.7 66.9+13.6 68.919.9 30.0+5.7 18.844.4 0.17+0.05 5.31+1.47 90.8+12.7

Center Hurri 157.1+35.5 28.0+23.6 8.02+1.64 9.24+2.45 15.0+4.4 0.19+0.11 2.85%+2.24 89.3+30.0
Rec 146.5+19.1 18.1+2.9 452+0.85 6.86+x1.70 14.3¥1.2 1.36%+0.59 3.96+1.24 47.0+7.0

Pre  364.3+47.9 212.7+47.1 54.5+17.5 29.2+7.0 15.723.6 0.76+0.16 2.96+1.12 48.5+9.4

West Hurri 144.8+21.0 49.0+18.9 9.52+2.33 11.8+7.2 11.3x3.9 0.77+0.31 1.83+0.76 60.6+12.8
Rec 257.1+71.0 179.1+72.4 26.8445 13.0+3.1 21.1+3.8 7.14+1.86 0.23+0.04 9.79+1.33

Pre 235.8425.1 115.4+25.6 45.4+6.9 32.348.2 13.4+2.6 0.64+0.16 1.2+0.43 25.1+5.4

South Hurri 183.6+62.2 41.7+13.0 11.9+44.8 6.45+3.45 24.9+8.5 0.36+0.14 1.6+0.73 95.5+57.4
Rec 213.8+41.4 117.5+33.7 37.948.9 16.745.3 15.9+3.2 9.67+t4.74 0.51+0.33 9.76+2.36

Pre  300.7+£35.0 129.2+32.0 42.0£5.7 26.4+4.3 18.9+3.1 0.46+0.09 5.19+1.3 75.2+8.8

Q" Hurri 134.4+32.9 9.88+2.32 16.5+4.0 7.33+2.88 8.66+2.21 0.28+0.12 2.27+0.95 92.4+27.7
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Rec 243.6+36.7 101.9+25.7 56.6+15.2 22.3+10.6 15.7+2.3 3.07+1.21 1.72+0.63 34.8+8.6

Table 2 Gbiomasgatios offunctional plankton groups the four sampling sites during the three periodshpreicane (PRE),
hurricane, (HURRI) and post-hurricane (REC) in Lake Okeechdgbesans + one standard er{bootstrapped). Bold font means
there is significant differeng@<0.05) between PRE, HURRI and REC period based on Mann-Whitney U test.
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Site Ratios PRE HURRI REC
Zooplankton/P hytoplankton 11.64+5.93 77.5+67.63 3.98+1.(

Central  Autotrophs/Heterotrophs 0.54+0.11 0.67+0.5 0.31+0.0
Protozoa/Metazoa 3.39+0.62 9.68+8.27 2.52+0.5
Zooplankton/Phytoplankton 3.58+£1.77 10.63%6.27 0.32+0.14

West Autotrophs/Heterotrophs 3.1+0.82 0.86%0.32 4.14+1.99
Protozoa/Metazoa 22.18+7.78 2.5%+1.16 19.09+7.44
Zooplankton/P hytoplankton 2.24+1.17 10.5116.32 0.16+0.09

South Autotrophs/Heterotrophs 2.46£0.63 0.75%0.26 2.31+0.61
Protozoa/Metazoa 45.53+14.173.24+0.98 18.13+4.48
Zooplankton/P hytoplankton 3.81+1.09 12.94%4.37 2.45+1.41

North Autotrophs/Heterotrophs 1.32+0.57 0.19%0.09 1.91+0.76
Protozoa/Metazoa 4.28+1.13 0.9+0.33 9.93+2.89

Table 3 Species richnesnd Shannon-Wiener indel)in four sampling sites during tlieree periodspre-hurricane (PRE),
hurricane (HURRI) and post-hurricane (RER).ake Okeechobed®lo H valueswerecalculatedor crustaceambecause of too few
species(means * one standberror (bootstrapped). Bold font = significant differeme0.05) between PRE, HURRI and REC
periods based on Manwhitney U test.

Cladocerans Copepods Rotifers Ciliates Phytoplankton Total
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Per Per Per Per Per Per
sample Total sample Total sample Total H sample Total H sample Total H sample Total
PRE 1.9 5 25 3 2.9 9 072 27 7 049 247 156 2.05 345 180
Central HURRI 1.7 3 3.6 4 23 8 040 3.0 7 0.62 84 35 131 19.0 57
REC 1.7 2 2.6 4 5.8 24 0.98 5.2 10 116 105 47 143 255 87
PRE 2.0 7 2.3 4 3.5 13 0.89 4.5 13 097 36.2 204 227 48.5 241
West HURRI 3.1 8 3.9 5 5.6 16 1.04 4.1 11 0.83 149 62 145 316 102
REC 3.2 9 2.8 4 125 39 156 6.7 11 106 23.8 98 196 49.0 161
PRE 1.8 8 2.3 4 3.7 12 091 3.7 12 0.76 30.3 182 2.20 417 218
South HURRI 3.1 5 4.2 6 54 17 0.83 3.9 9 0.78 16.0 65 186 32.0 102
REC 3.4 10 2.4 4 13.7 51 1.56 6.2 11 104 241 107 1.97 493 183
PRE 2.2 6 2.7 4 3.2 11 0.77 3.8 12 0.76 28.1 181 2.06 39.9 214
North HURRI 2.1 5 3.3 5 4.1 13 0.73 3.9 7 0.86 10.2 48 160 221 78
REC 2.6 9 2.6 4 9.1 35 131 6.9 10 120 2238 97 179 437 155
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Table 4 Species in each of the major plankton groups that were found ohlg préhurricane period or only in the recovery period, vs. speciesifatiboth

times. The ihal column indicates the percent of species in the recoveindpbat are ‘new’ to the plankton samples, i.e., observethéofirst time.

Percentage founi

) Found only in . Found in both Pre
Group Site Pre Found only in Rec and Rec only after
recovery
South 112 37 70 35%
North 114 30 67 31¥%
Phytoplankton
West 136 30 68 31
Center 127 18 29 38%
South 3 42 9 82%
. North 4 28 7 80%
Rotifers
West 3 29 10 74%
Center 4 19 5 79%
South 3 2 9 18%
- North 3 1 9 10%
Ciliates
West 2 0 11 0%
Center 0 3 7 30%
South 2 4 6 40%
North 0 3 6 33%
Cladocerans
West 1 3 6 33%
Center 3 0 2 0%
South 1 1 3 25%
North 1 1 3 25%
Copepods
West 1 1 3 25%
Center 0 1 3 25%
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Figure captions

Figure 1 Map of Lake OkeechobeBSA with locations of the four samplinges and
the names of the three pelaganes (Jan. 2000-Jul. 2014heshaded area is the littoral
zone.

Figure 2.Selected physical and chemical attribudéghe water during pre-hurricane
(PRE), hurricane (HURRI) and pastiricane (RECperiods at théour sampling sites

Lake' Okeechobed.EM: water temperature, Depth: water depth, SD: transparency

measured by Secchi disk, TSS: total suspended solids, DIN: dissolved inorgan&njitrog

SRP soluble reactive phosphorus, Ghlehlorophyll a, TN: total nitrogen, TP: total

phosphorus. UCI: upper 95% confidence interval, LCI: lower 95% confidence interval.

Figure 3'Relative biomassf main plankton groups and dominant species in each group

during prehurricane (PRE), hurricane (HURRI) and pbstricane (REC) in the four
sampling sites.

Figure 4 Bi-plots showing the samples from the three peri®®RE pre-hurricane(black
holloweireles) HURRI: hurricang(green crossand RECrecovery(red triangles)in
the firsttwoe'PCA ordination axis, with the 95% confidence ellipses, centers of the
ellipses.(solid circles) and main taxonomic groups or spéaiesns), in the four
sampling sites of Lake Okeechob8gecies names are abbreviatéalic bold font of
HURRI or REC mean thatthereis significant difference between points of PREJRRI
andREC period based on the two-dimensional Kolmogofawirnov testsRows in the
figure correspond to taxonomic groups- all plankton, b — phytoplankton, dyacteria,
d —ciliatesy’e-rotifers, f— crustaceans.

Figure' 1

This article is protected by copyright. All rights reserved



[ Littcral

[

o \ \,
< % '
, -‘\ 2 i B3 .
% ; I . 4 I‘, /
Lake Okeechobee
/ Florida
N
Gulf of Mexico O
\i | %’
s
. ,.55‘ 0 5 10 15 20

Manuscript

2  Figure

or

Auth

This article is protected by copyright. All rights reserved



Central 015 | - Al 08,

0 H
= " o1a . ! _ 06
o LC\ £ E3 £
E 20 . EH & i—— 20 £ §0'4
2 s 3 005 gé g 42 ?02 .
10 000 o 1 00| éz
PRE THURRI REC 2 pre oRm REC O PRE FURRI REC PRE HURRI RE PRE HURR REC PRE HURRI REC
200 1.0, o1 150, o8l 0.12
150 ; _ N
o Joe. Booce o100 508 - 008 .
2100 ~04 & g . o "2
:(,j 004 . g O . Zo2 o 004
® S fwose T =fgme
0 o 000 ol == oo = 000]
PRE HURRI REC PRE HURR REC PRE HURRI REC PRE HURRI REC PRE HURR REC PRE HURRI REC
40 30, 04 80, 04,
_ 30
L0 25 . 203 & 25 - . o3
= £ " i
720 g’zo Fo2 D 0| 220 Eool |
= ’—15 = = S
© 10 01 I ™ T £l 01
10/ ' 5 ég 10] :
e = 00 0 05 00
PRE HURR REC PRE HURRI REC PRE HURRI REC ~~ PRE HURRI REC PRE HURR REC
South s 10 . - North 5 03
3 o8 4 £02
9 e £98) S x £ 5
= £ §0.4 = &3 o1
Z &1 3 E a
10l . 02 104 2 00|
FRE HURR REC O PRE AURR REc. °° FRE FURR REC PRE HURRI REC PRE HURRI REC PRE HURRI REC
200, 10 012 150 10 gw .
08 . 08|
1504 — —
= Sosf - . éow ’ _100] . "él)o.e nE_’o,oa
100 ) "4
£ g £04 & 004 P ol 04 ® 004
3 | Z 02 & = o2
S 5 & Z
o == 00 00| 0 00 000!
PRE_HURRI REC PRE HURRI REC PRE HURRI REC PRE HURRI REC PRE HURRI REC PRE HURRI REC
80, 30 05, 80 30, . 04,
& 25 o4 5 i T‘E‘,ZS _.03]
o . 120 « 7, 03 g £ ] -
ELY E E, S 0l Z20 P02
= Eis E£02 5 . £
2 x| = = 04 5 20| 15 e
O I—10 = U Eé 10l 01
Y 05 0.0 == 1.0 oo
1 PRE/AHURRI"REC = PRE HURRI REC PRE HURRI REC PRE HURRI REC PRE HURRI REC ~ PRE HURRI REC
2 Figure 3

This article is protected by copyright. All rights reserved



North

South

West

Central

J Rod-shaped bacteria
[ 1 Cocci
Tintinnidium fluviatile

Strombidium hurmile

Codonella cratera
[T Cydlidium glaucoma

3 PNF
HNF

=
==
22

-

‘Strombidium occulatum
[E=5 Vorticella microstoma

Flagellate
Bacteria

==\

=\\Y

" G)sewnoweRy  (gweiogevemy  ()SEWOBOERY oseloqoweRy  ()SEUOGONERY (%) SewoqaweRy
sdnos6 uep (e) vopuerdoiiug (q)  sereyiebey pue euapeg (3) seelo (p) sByjoy (8) sueseoopep) ()

mEa
AN N

r
U
gvaesmgﬁ_& .nlu

spodado) (6) L

2
3

This article is protected by copyright. All rights reserved



Central

ol 0. e
! - - HURRI | -
= o o =]
s = = =
.: R© 2w n
& © o ~a =S
S — © 9 o
& o o oo
% o g o %‘o =h
S 0 o 3@
S = * e 1 £
o] < < h =2
i " b '
7 = L 0
a
o I
o~ L
w
w | =3 s
o | 0 e
o 22 =0 =
59 | P T el
o —o | o o7
FD Do o~
g5 55 gs 521
33» Q-S, S n_m
T T o4
S w 0 i
| A = e
1) 1
s o < Frsp Augr
T T T T T T T G T T T T T T o= T T T T T T T T T T T T T T j
b -0 -05 00 05 10 15 20 -1.0 -05 00 05 10 1.5 -15 -10 -05 00 05 10 15 20 10 05 00 05 10 15 -0
PCA123.6% PCA122.8% PCA121.8%
o o] o ad
— -
£ = 2 =
=+ = ol ==
i Ny | I
3 5 5 o]
o o o 5]
= = [
o o HURRI
T T T T T T T T T T
c 1 & 0 2
PCA142.7%
o] o]
= P -
S S = -
& L = &
o pars e Do
g 1 i 2 g
2 2 AR, |3 g
SLaFar WsirHii -+ o
4 P © 4
HURRI
| o HURRI
T T T T T T T T T T
d 4 2 0 1 2
PCA152.4%
o
0
= SynPec
o
5 2 ke
& S K o 2
= ~ 58 e
o o
< o S =
g 3 i o
o o o
! a
=
w
- KerGocAm
T T T T T T T T T T T
e -2 -1 0 1 2 3 2 1 0 1 2 3 4
PCA1 38.5% PCA1 53.9%
& CalCop Naup @ |
- o ;.
o | =
12 = TroPra CalCop -
0 =] DiaBrac; HURRI | w0
<o | p £
z )
S5 2 e
g £ 2e
o [=F, [
& ?
= Eib 2]
wn e 4
) T JmmCla_ Azave
= i MesEda Ll
] MesEda  aArcpor ke g@ngugnySph <AErgS
T T T T T e f T —T— T T
f -2 -1 0 1 2 -1.5 -10 -05 0.0 05 10 15 20 -2 -1 Q 1 2 .
PCA131.7 PCA1 54.0% PCA1 58.3% PCA131.8%

This article is protected by copyright. All rights reserved



