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ABSTRACT

The impacts of fragmentation and connectivity on ecosystem structure and function are central in
current ecological research and are directly relevant to ecosystem management efforts concerned
with the effects of environmental change. These issues are investigated within the framework of
metacommunity ecology, which is directly applicable to coastal aquatic ecosystems, such as
interconnected lagoons, salt marshes and rock pools affected by pulsed nutrient inputs. As water
levels vary and patches become periodically isolated and reconnected, the structure and function of
an aquatic metacommunity should not solely depend on connectivity among local communities but
also on their previous state during fragmentation. The aim of the present study was, thus, to assess
the effect of fragmentation and connectivity on different community attributes (i.e. species
composition, diversity and productivity) in aquatic metacommunities characterized by
environmental heterogeneity. Towards this aim both experimental and modeling approaches were
employed. Experiments consisted of fragmented natural phytoplankton assemblages that self-
organized under different nutrient pulsing frequencies. This part of the experiment, together with
numerical modeling, was used to address the role of fragmentation and resource heterogeneity on
community structure (paper 2).These steady-state assemblages were then employed to represent the
local patches that were connected at a dispersal continuum forming metacommunities, to assess the
role of spatial averaging (i.e. homogenization towards the average conditions by the species best
adapted to them) on species richness and productivity (paper 3). During fragmentation, nutrient
pulses of decreasing pulsing frequencies resulted in experimental assemblages of increasing
functional diversity and richness. These findings were also validated by numerical simulations
which revealed the importance of both growth rate and competitive ability in assembly processes
under pulsed resource inflows. Moreover, these environmental conditions led to the dominance of a
species at the intermediate pulsing frequency, which, during connectivity, dominated the
metacommunity. Therefore, the pivotal role of spatial averaging described in the present study, is
directly linked to the conditions that gave rise to the isolated local assemblages. The present thesis
addressed questions that have important implications for the management of coastal habitats. In
particular this study revealed that optimal ecosystem function (maximal richness, functional
diversity, and productivity) in heterogeneous aquatic metacommunities can be achieved when the
interval between resource pulses exceeds the generation times of constituent species, and when

patches are connected at intermediate connectivity levels.



ANAAYTIKH NEPIAHYH

EPEYNHTIKO YIIOBA®PO

H enidpaon tov KOTOKEPUATIGHOV KOl TNG GLVOEGIUOTNTOC OTN dOoUn Kol Tn Agttovpyio. TV
OIKOGUOTNUATOV EVol TPOTOPYIKNAG ONUOGIOG GTr cLYYPOVN OlKOAOYkn €pevva (Sawyer et al.,
2011). Oswpovtag To Tomio, ¢ OIKTLO ATOUOVOUEVOV TOTIKMOV KOWOTHTOV TOV GLUVOEOVTOL LECH
NG SLOTOPAS ATOU®MY KOt 100V, dNUIOVPYNONKE 1 Evvolo TG petakowotntag (metacommunity). H
Olepehivnon  OKOAOYIK®V JSEPYOCIOV UEGO G 0VTO TO TAOIGL0, TEPO Omd TG GLUPOTIKEG
npoceyyioels, Paciopuéveg HOVO OTN HEAET OTOUOVOUEVMOV TOMIKMOV KOWOTHT®V, UTOpPel va
dtevpuvel v okoloyikn €pguva. Tnv televtaio dekoetio, Oe®PNTIKEG Kol TEPAUATIKES LEAETEG,
AL Kot PHEAETEC TEdTOV, EYOVV LEAETNGEL TO XEPCAIN OIKOGVLGTUATO LITO TO TPicpHa TG Bewpiog
TOV HETOKOWOTHT®V. EviovTolg, to voOTIKA 01KOGLOTNUATH 0eV €YoV peAetnOel apketd oTO

Bempntikd avtd mAaiclo (Matthiessen and Hillebrand, 2006).

H Osmpio Tov petakotvotitov (el QUECT] EPAPLOYT OTA VOUTIKO OIKOGLGTILATA, WHTEPA GTNV
Topaxtio Lov, OT®MG 6 GLOTHUATO MUVOOAAAGGOV, OAUVPE TEALOTO Kol BPoy®dOels AnuvioKovg
(rock pools). Ta petafoatikd oVTO OIKOGLGTNUOTO GUVEICPEPOVY GE UEYOAO TOCOGTO GTNV
Taykoco tpotoyevn mopaymywkotnta (Cloern et al., 2013). Avt tpopodotel tn devtepoyev
TAPOYOYIKOTNTO KOl COUPAAEL O€ TOALOTAEG OIKOGVOTNLUKEG VTN PEGIES, CLUTEPIAAUPAVOUEVOD TOV
KOKAOV TV OpenTIKOV, TOV AVOPOKO KOl TOV 1YVOCSTOXEI®Y, TNV OMELN, TIC 0CTPUKOKOAMEPYELES,
™V ovTiotaduion g puravong kot v avoyvyn (Costanza et al., 1997). Avtd ta cvotiuata gival
EVOA®MTO OTNV Gvodo TG oTaduNG TG Bdhaccac Aoym g kKhpatikng aAlayng (Cyrus et al., 2010)
OALG KOl GTOV KOTOKEPUATIGHO omd avOpwmoyeveic mopepupdoeig (Kang and King, 2013). H peiét
NG GLVOEGIUATNTOS KO TOL KOTAKEPUATIGLOV GTY) SOUN TOVG (GVVOEST TV E10MV KOl TOIKIAOTNTA)
KoL TN Asttovpyio TOVG (Tapay®ykoOTNTA) EIvVOl OTapaitnIn Y10 TIG TPOOTADEIES OMOKATAGTUONG TV

evoltnudtov (Januchowski-Hartley et al., 2013).

Ot mopdKTIEG VOUTIKEG LETAKOVOTNTESG £XOVV 000 10iTEPQ YapakTNPloTiKd. [IpdTov, 1 VOIPOAOYIKY|
ouvdesLOTNTE peTald Tov Katatunuatov (patches) eival mpoimdOeon yio v avorAnpwon Tov
OPENTIKOV CLOTATIKAOV Kol TOV 10MV. H Tomikn aAld Kot ympikn TOKIAOTNTO KOl Topoy®ytkoTnTo
umopel vo 0AAAEEL ONUOVTIKA avAAoyo pe To eminedo cvvoeoiudtrag. [apdrio mov 1 oyéon tov
TAOVTOL €0MV PE TN ovvoeoudtTo €xel peietnBel apketd 1060 o€ BewpnTikés 0G0 Kol OE

nepopotikes pekéteg (mx.Mouquet and Loreau, 2003; Cadotte, 2006), n emidpaocn g
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GUVOECILOTNTAG OTNV TAPAYMOYIKOTNTO — £V KOO UETPO TNG OIKOCLGTNUIKNG AErtovpyiag- givat
Myotepo peretnuévn. Zoppwva pe Beopnrikég peréteg (Loreau et al., 2003) n mopayoyikdtnTo
e€aptdtor amd V0 PNYOVIGHOVS, TOV TAOVTO €MV KOl TNV OUOYEVOTOINGT TPOG EVOLAUECES
nepParloviikég cuvOnkeg (spatial averaging). O debtepog Unyavicpog Bempeitot To onuavTikos o
vynAd emineda  ovvdeoodtrog, ovrtiotabuilovrog o€ Kamowo  Pabud ™ peiwon g
TOPAYOYIKOTNTOG AOY® pelwong Tov TAoVTOL €WdV. Evd apketég peréteg £xovv amodei&el v
enidpaocm Tov TAOVTOL WAV otV TapaywyikdTta (7.x.Matthiessen and Hillebrand, 2006), o poiog

NG OLLOYEVOTOINGTG TTPOG TIG EVOLAUESES GLVONKES OeV £xel diepevvnOel.

Ag0TEPOV, Ol TOPAKTIEG LOATIKEG HETOKOWOTNTEG Yopoktnpilovtor amd vynin mepiBailovtikn
ETEPOYEVELD, KUPIOG eE0ITIOG TOV SOPOPETIKMV €GP0V Opentik®V 010 Kdbe Katdtunpa (patch).
Mo mopdderypo, n oo 1 LIKPOTEPNS XPOVIKNG KAILAKOS SIAKVUAVOT] TMV EIGPODY YAVKOL Kol
BoAdooiov VO0TOG 6TO GVGTNUO, 00NYEL € SUPOPETIKOVS Kol GLYVE TOAUIKOVS EUTAOVTIGHOVG
Opentikddv otoryeiov (Buyukates and Roelke, 2005; Spatharis et al., 2007). Ot mwoipoi avtoi
UTOPOVY OV YOPAKTNPIOTOVV O EEMTEPIKES SLOTAPAYES, TPOKAADVTOS ATMOAEEG TANOVGUOV HECH
VOPOAOYIKNG UETOTOMIONG OAAG Kol adEnon g avamntvéng Adym tov Bpemtikod @optiov 1oL
glodyovv. H dSwopopetikn eopon Opentikdv 6’éva cOOTNUO HEGHD VOPOAOYIK( GULVOEOEUEVOV
TEPLOYDV UITOPEL VoL 0dNYNOEL € Eva €TepoyevEC mepiPdArov. H etepoyéveta e€aptdror emmAéov amd
TNV OmOoTOON KAOE TEPLOYNG Amd TIG €16POES YAVKAOV vddTmVv 1 Bordociwv {ovav dvtinone. H
dwpdduion otn cLYVOTNTA TOV TOAUOV TV OpenTiKdOV Tapovotdlel pio oOvhetn oyéom pe Tov
TAOVTO €OV, cOHEOVL pe TV vdbeon g evoldueong owatapayng (Padisak, 1993; Sommer,
1995). [Tapodro mov awtn N oxéon Exel pehetnBel apketd, GAAL YOPOKTNPLOTIKE TOV PLOKOIVOTATOV,
Omwg 1 ovvBeorn kol M doun tovg, dev Eyovv OtepevvnBel. Eivor mbavo, po dwfdbuion ot
CLYVOTNTO TOV TOAUK®OV ELGPODOV VO, 00N YNGEL Ol LOVO GE SLOPOPETIKO TAOVTO Kol TOIKIAOTNTO
€MV, Ommg £xel pExpL Tdpa derybel, aAld Kot e d1aPOPETIKY cLVOEST, OGOV APOPA TNV TAVTOHTNTA
TOV €0MV KOl TO AEITOVPYIKO TOLG YopaKTnploTikd. H wwavotnta va mpocdiopicovpe avtd to
YOPOKTNPICTIKA YPTOUOTOIDVTING TPOGOUOIMUEVES GLVOOPOIGES UTOPEl VO OMOKOADWEL TOVG

mOOVOVS UNYAVIGHOVG Y10 TOV TPOTO TTOL Ta. €101 cuvabpoilovtat.

H mepifailoviikn etepoyévela cuvavtitol cuYVE 6To PUGIKE OIKOGVGTHLOTO KOl Y10 TO AOY® aVTd
elvar onuovtikd vo Aoppdvetor vaodyn oTIG TEPOUATIKEG Kol aplOuNTIKEG TPOoeYYIGES TTOv
OlEPELVOVV TIG OYECELS TOV OLUPOPETIKAOV EMTEIWV GLVOECIUOTNTOS LE TO YOPUKTINPIOTIKE TMV
Blokowvotntov. Opmg o petakovotnta dev emnpedletor HOvo amd Tn GLVOESIUOTNTO AL Kot

amd TO YOPOKINPIOTIKA TOV OTOUOVOUEVOV TOTIKOV BloKOVOTHTOV 7oL TponAbav amd Tov
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KOTOKEPUATIOHO. AVTN 1] TPOCEYYIoT OYETILETOL AUECH UE TO TAPAKTIOL OIKOGLGTHHOTO, KAOMG TaL
EMMEdO TOL VEPOV OLEOUEIDOVOVTOL KO TO KOTOTUUOTO UTOPOLV Vo €lvol Katd KOpovg
QTOLOVOUEVO 1) GVVIEdEUEVA. MEypt GTIYUNG, dev VILAPYEL KATOl HEAETN TTOV Vo TpooTabel va
oLVOEaEL TIG 000 aVTEG JlEPYOTiEG TOV KOTAKEPUOTIGUOD KOl TNG EMOVOCVVOESNS, LE CKOTO Vo

€ENYNOEL TOLG UNYOVIGHOVE TTOL ETLOPOVV GT| OOUN Kol AEITOVPYIN TOV PLOKOIVOTATMOV.

EPEYNHTIKA EPQTHMATA

O oxomdg G mopohoag OBAKTOPIKNG dwTpPng elvor M peAén ¢ emidpacng  Tov
KOTOKEPUOTIOHOD KOl  TNG OULVOECIUOTNTOS TMAV® OE  OPOPETIKE  YOPAKTNPIOTIKN T®V
BlokowvotnteVv (0Tmg 1 ovvbeon TOV EBMV, 1 TOKIAOTNTO KOl 1] TOPAYOYIKOTNTA) GE VOUTIKES
petaxovotnteg mov yopakmmpiloviot amd mepiPaiiovtiky etepoyévela. [ v emitevén avtov Tov
okomoy £€0eca  EMUEPOLG OTOYOVG KOL YPNOUWOTOINGH £Vvo GLVOLAGUO  TEPUUATIKOV KO

aplOUNTIKOV TPOGEYYIGEMV, YPNCULOTOLDOVTIOS 1O OPYAVICUO-LOVTELD TO QUTOTANYKTOV.

21oyo¢ 1: Avamroln uebodoloyikng mAatpopuog yio v opltQuntixy povielomoinon e o1oTpifng.

o v mpocéyyion twv Poacikdv otdyov (2 kot 3) ko v avamtuén g pebodoroyiog mov
oyetileTon pe tOo TUNMO TNG OopOUNTIKNG poviehomoinong NG OTpifnig NTov oNUOVTIKO Vo
epoppootel pior amdn pelémn mepintwong 600 WOV UIKPOPLKOV. Xpnoiponoinoa 600 €101 tov
vévoug Pseudo-nitzschia, amopovopéva ond 10 Atyaio, Y10 TOV LDTOAOYIGHO TMV AELTOVPYIKOV
YOPOKTNPIOTIKOV TOVG (Y. Tayxog avénong, otabepéc mukopespov). Ot mopdpeTpor avTEg
YPNOLOTOONKOV Y10 TNV TOPOUETPOTOINGT TOV HLOVIEAOD AVIAYMVICUOV Y10 S1BEGILOVG TOPOVG
(Tilman, 1982), mov egpapudotnke o610 opOuNTIKd TURUA ™S OatpiPnc. To oamotéhecuo TOv
LOVTEAOV TTEPLEYPAYE EMTLYMG TN OLVOUIKT TOV TANBVGUOV TOV dVO MV VIO TEPLOPIOUO alDTOV
kol pooeopov (Ew.1)(emommuovikd apbpo 1). 'Etor 10 1610 poviého enektdOnke yuoo 100 €iom mov
avtayovilovtal Yo gOceopo Kot almTto, TNV TPooTdfeln Katavonong TmV XopoKINPICTIKOV TOV
€OV ov emnpedlovy Tov Tpdémo mov Ta £idN avTaymvifovtol Kot 0dNyoHVTaL GTIC GUYKEKPUUEVES

aVTO-0pYAVOLEVES GLVADPOIGELS KATM OO GLVONKEG KOTOKEPLOTIGLOV.
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Ewoval. To povtélo ovioy®mviGHoy OV TOPUUETPOTOMONKE LE TO AEITOVPYIKE YOPUKTNPIOTIKA
TOV €OV, TPoéPAeye pe emtuyio TO OomOTEAECHO TNG €LOTAOOVE KATAGTOONG TOGO OTIG
povokaAAiépyeleg (a-b, d-e) 6co kot og cuvOnKeg avtoywvicouov (c, f) vo meploptopd Bpentikdv. Ot
YPOUUEG OVTITPOCMOTEDOVY TS TPOPAEYELS TOL HOVTEAOL €V TO OMNUEID TO TEPOLOTIKA

AmTOTELECLLATOL.

2royos 2: AC1oAdynon tov porov TOV KOTOKEPUOATIOUOD KOI THG ETEPOYVEVELAS, AOYW OLAPOPETIKMV
elapov Opemtikav, atn doun twv floKoIvoTHTOV.

270 TUHO 0VTO TNG £PEVVAG OV, dlEPEHVNGO TOV TPOTTO TOL Ol ATOLOVMUEVES GLVAOPOIcELS OVTO-
0pYOVAOVOVTOL KAT® 0O OPOPETIKEG GLYVOTNTEG TOAUDV OPENTIKOV YPNCLOTOIDOVINS £Vol
GLVOLACUO TTEWPAUATOV Kol aplOunTik®v poviéhwv. [pokeévou va eEnyfoovy ta TopoTpovIEVa
TPATLTO, Ol TEPIOGOTEPES OePNTIKEG HEAETEG £XOVV EGTIACEL GTO YOPOUKTINPIOTIKA TOV E0MV TOV
oyetiovtal e T1g IKavOTNTEG TOLG Yo TV TPdSAnym Opentik®dv (w.x. Huisman and Weissing, 1999;
Roelke and Eldridge, 2008). Ztnv mapovoa diepedvnon aafo vedyn Hov Kot £vov PETOPAALOLEVO
pLOud avénone tov Wdov. Iopdro TOLV AVTO TO YOPUKTINPIOTIKO £xEl TOAAES QOpES mapaPAepOet
(ox6A10 Schippers et al., 2001) pmopet va €fvor TOAD ONUAVTIKO Y10 TNV OVTOY®OVIGTIKY] 1KOVOTNTO
TOV €00V, 1Bing o mepPdAlovta mov yopaktpiloviar amd TepPlodikn €16poY| OPENTIKOV Kot

VOPOAOYIKY| OTTOPPOT).



To mepopotikd okéhog mepteAdpPoave pioe  QLOIKN  cLVAOPOIGT  PLTOTANYKTOV  TTOL
KOTOKEPUATIOTNKE KO 0VTO-0PYovmONKE KAT® amd S1UPOPETIKEG GLUYVOTNTEG TAAUDV OPENTIKAOV [
okomd T OJwudpeworn o Swpdduiong mepPorioviikdv  cuvOnkav (etepoyévelng). Ot
TEPAUOTIKEG oLVONKEG TpocopolmOnkay pe oKomd TN JSlepedvnon THAVOV UNYOVICU®V TOL
00MNYoOV OTIC TAPATNPOVUEVEG CLUVADPOIGELS. ZVYKEKPIUEVA, OLTN 1 TPocéyylon Pondnoce otnv
TOVTOTOINCT TOV YOPOKTNPIOTIKAOV TOV 0OV 0AAL Kol TOV HETAED TOVG GYEcEV (T.Y. pLOUOG
avénong Kot KovoTnTo TPOSANYNG OpenTikdVv) mov €mMdpovV oTn dopn Kot ovvleon TV

ocvvafpoicemv. O o10)0G 0WTOG TPposeyyiletal oTo emaTNUOVIKO Gpbpo 2.

210y0¢ 3: Al10Adynon tov polov e avlavouevng GUVOECIUOTNTAS AVOUEST OE TOTIKG KOTOTUNUOTO
OV  YOPOKTHPILOVTOL OTO TEPIPOALOVTIKY ETEPOYEVELQ, OTH OOUN KOI TNV TOPOYOYIKOTHTO. THG
Prokovotnrog

Ye plo petokowdt o Tov yopakTnpiletar amd €TEPOYEVEID KOl OO €V KLUOUVOUEVO TOPO, M
Oewpia mpoPArémel pio pn-povotovn oxéorn HETOEL TAOVTOL EW0MV KOl TOPUYOYIKOTNTOS UE TN
ocuvoeopuota. H oyéon avt) moapovotdlel de péEYIoTo o€ €vOLAUECOH EMIMESD GLVOEGIUOTNTAG
(Loreau et al., 2003). O mhoVTOC €OV OTIS TOMKEC KOWOTNTEG €ivol YaUnAOC o€ UIKpN
GUVOECILOTNTA £EOLTIOG TOV OVTAYOVIOTIKOD OTOKAEICHOD Kol VYNAOG 6€ UEYAAN GLVOEGIUOTTO
eEautiag G opoyevomoinong tov cvotiuatos. H mapayoyikdémmrta akoiovbel to id10 mpdTuTO,
kaBhg e€aptdton Kupimg omd tov Thovto e10dV. Eviovtolg, oe peydin cuvdeoindtta, 1o 100G Tov
elval KOADTEPO TPOGUPUOCUEVO OTIC EVOLAUESES TEPIPAALOVTIKES GLVONKES £xEl T dvvaTOHTNTA VO
OHOYEVOTOLEL TO GUOTNUO TTPOG TIC GLVONKES OVTEG KOl TEAIKA Vo Kvuplapyel ot petakowdtnta. O
UNYOVIGHOG avTd ovoudleTal OLOYEVOTTOINGT TPOG TIG eVOldpecses cuvOnkeg (spatial averaging) kot
Sltnpel EAaPP®OG LENUEVT] TNV TAPOYOYIKOTNTO GE UEYAAN GLVIECIUOTNTA, KOOMG Tapatnpeital

UIKPOTEPT YPOVIKT dloKOHoven ot Propdla TV 10dV Tov BPicKovTol 6T LETOKOWVOTNTA.

Agdopévou 0Tt aut 1 vTOBeom dev ExEl aKOUA EEETAGTEL TEPAUATIKA, XPNOUYLOTOING GuVAdpoicelg
QULTOTAAYKTOV WE GKOTMO TOV TPOGOOPIGHO TOL POAOV TNG OUOYEVOTOINGNG TPOG TIS EVOLAUETES
oLVONKEG GTOV TAOVTO EW0MV Kol TNV Tapaymytkotnta. ['a v a&loAdynon Tov PnyaviGrol auTov,
YPNOLOTOINCO TIS KOTOKEPUOTIGUEVEG OLVOOPOICEIS OmO TIC TPELS OLUPOPETIKEG CLYVOTNTEG
Opentik®V Tov TPONYOVUEVOV TEPANATOS (6TOYOG 2). AVTEG 01 GLVAOPOICELS AVTITPOCSHOTEVOVY TO.
TOTIKG KOTOTUNUOTO TO OMOlo  EMOVOCLVIEONKAV GE JPOPETIKG EMIMED GLVIECIUOTNTOC,

OMUOVPYDOVTOG LETOKOWVOTNTEC. AVTOC 0 6TdY0C Tpoaseyyiletal oTo emoTnHovikd apbHpo 3.



O1 QUTOTAYKTIKES 6UVAOPOIGEIS MG KOIVOTNTES - HOVTELD,

To @utomloyktoév amoterel 100vVIKO HOVIEAO Yo T UEAETN TOV UNYOVICUMV TOV EMOPOVV GTNV
TOWKIAOTNTO Kou TNV wopayoyikoétnta. Kodlepysitar €0koAo o€ €pyaoctnplokéc cLVOTKEC,
Topovctdlel VYNAO TAOVTO E0MV, KPOVS YPOVOLS YEVEMV KOl YPNYOPES OlO-ELOTKEG
AAAMAETIOPAGELS, TOV EMTPETOVY TNV TAPATNPN O OASIKAGIOV d1ad0yNS o€ HOALS éva €toc (Harris,
1986)(n ooy o€ GAAES PVTOKOWVOTNTEG UTOpPel Vo TAPEL TOAAGL YpdVIa, HEXPL KOl OEKOETIES).
EmmAéov, ta opoktnploTikd tov €100V, OTMOE 1 OVIOY®OVICTIKY TOLG IKAVOTNTO GTNV TPOCANYN
Opentikdv, £govv mocotikomomOel TEPAUOTIKA, KAOIGTOVTOS dLuvaTH TNV EVPELDL YPNON TOVG GE
HOVTEAL OVTOY®OVIGHOV Y10, Otafécipovg mopovg (m.y. Huisman and Weissing, 1999; Roelke and
Eldridge, 2008). To ¢utomAayktdv mailer emiong mMOAD ONUOVTIKO POAO GTNV OWKOGULGTNUIKN
Aertovpyia, kaOd¢ PBpiocketor otn Pdon e Tpoeikng aAvcidas. H avénuévn motkiddtntd tov pumopet
Vo S1loTNPNOEL LYNAT TOTKIAOTNTA KOl TOPAYOYIKOTNTA 6€ DYMAGTEPA TpoPiKd emineda (Striebel et
al., 2012) evd M avénuévn mopaymykoTNTo UTOPEl VO ELVONGEL U0 TOIKIAID OIKOGUGTNUIK®OV
ayoaBov kot vmnpeocwwv (Costanza et al., 1997). Emiong, evprijuoata mov Pociloviar oto
QLTOTAQYKTOV UTOPOVV Vo SIELPVVOOVV Kol GE AAAEG PLTOKOIVOTNTEG OTTWG OVTEC TOV HOKPOPLKDV
KOl TOV OVOTEPOV PLTMOV, TOAAEG OO TIG OTOIEC PLOVOLY ETOYIKT] OLOKVLOVOT TV TOPWV, KOOMOS 1

doun twv cuvabpoice®v Tovg PacileTor o KOWES O1KOAOYIKES Bempieg (.. To poviého Monod).

KYPIA EYPHMATA

Avt N peAétn amokdAvyE OTL O KOTOKEPUOTIOUOS UG GLVAOPOIoNG KAT® OO SLoPOPETIKOVG
TaALo0G Bpentikdv (ApBpo 2) pmopel vo mai&el onuavtikd poAo ot Sopdpewon cvvabpoicewv
OLPOPETIKNG doung Kot ovvleons. Qotdc0, N UETAPANTOTNTO QLTOV TOV YOPUKTIPIOTIKOV OEV
TOPATNPEITAL LOVO OVAUEGH GTOVG SLOUPOPETIKOVG TOALOVS GAAE KO OVALESO OTIC EMOVOANYELS TOV
idtov ToApov. H petafAntémra petold TV EXOVOAYEDV HTAV WKPOTEPT CTNV LYNAN cuyvOTHTO
TOAUDV OPETTIK®OV, TOV TOPOLGINCGE KOL TO HIKPOTEPO TAOVTO 0DV, EVAO Ol TOANOL YOUNANG
ovyvOTNTOG eRPavicay peyoADTEPO TAOVTO €WdV. Ta amoteAéopato avtd ovomapayonkoay
EMTUYMUEVA OO TO HOVIEAO, OMOKOAVTTOVIOG OTL TO TAYOS ovEnong elval To 7O ONUOVTIKO
YOPOKTNPIOTIKO KAT® amd avTég TIS cLVONKEG TOAUDV, OKOAOLOOVUEVO OTO TNV OVTOY®OVIGTIKY
KovOTNTo Yoo T0 POcEopo. Otav €va €100¢ avamTdicoETOL YPNYOpO Kot givol cuyypovmg KaAdg
AVIOY®OVIOTAS Y0 TO (POGPOPO, TOTE £YEl TIG UEYOADTEPEG TOAVOTNTEC VO VIEPICYVOEL OTIG

TOPOTOV®  oLVOOPOIcElS. e YUUNAOTEPEG CLYVOTNTEG TOAUMY OLPOPETIKE  YOPUKTNPIOTIKA
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epeavifovtat, amoKaAOTTOVTOS VYNAOTEPTN AELITOVPYIKT TOKIAOGTNTA Holl pe ToV VYNAOTEPO TAOVTO
ewov (Ew. 2), yeyovoc mov emiPeformveror Ko amd Ti¢ meEpapatikés cvvadpoioelg. O onuovtikog
POLOG TOV YOPOUKTNPIGTIKOV TOV €0OV 0TI OUOpP®ON NG TEMKNG cvvafpolong kT® amd
OlQopeTIKEG ouvOnKee maAUoD Opemtikdv  delyvel OTL To TAPOTNPOVUEVA TPOTLTO  TOV
QLTOMAAYKTIKOV cuvafpoicemv dgv epunvevovtal amd Ty ovdétepn Bewpio aArd and v Bempia

nept otkoBéong.

1d m3d mé6d

B
o

100 -
(a) _ - . (c)
s2 s3 s3 exp
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53'7 |
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14 4 4
(b) ; (d)
0 I : I : . : 0 ‘ : \ : i
sl s2 s3 s2

exp sl

Species richness
Similarity

o

sl exp sl

Evenness )’
PO, (kM)

exp

Ewéva2. TThovtog €dmv (a), wookatavoun (b), opowdtnra Bray-Curtis (c), kot cvykévipwon
QeOoQopikdv oto mepPdriov (d) yuu to meipopo (exp) kot ta 3 cevlplo peE OYECES TV
YOPOKTNPICTIKAOV TV €W0®V - sl (scenariol), s2 (scenario?), s3 (scenario3), 1d, 3d, 6d o1 cuyvdtnTEg

TaAUGV KaOe 1,3,6 pépec.

Otav ot amopovouéveg ouvadpoicelg eravacLvoEnKay pe avEAVOUEVA EMIMEON GUVOECIUOTNTOG
(6pBpo 3), 0 peyoAdTEPOG TAOVTOG E0ADV EUPAVIOTNKE GTO EVOLAUESO EMMESO GLVOEGILOTNTOS, GE
ocoppovia pe ™ OBsowpia (Ew.3). Qotdéco, oe avrtiBeon pe m Bewpio, o punyaviopds g
OHOYEVOTOINGMG TPOG TIG EVOLANESES cLVONKeS (spatial averaging) amodelyOnke onuUovVTIKOS, aKOpHQ
KOl O YOUNAG EMIMESD CLVOECTUOTNTOS, KATAPEPVOVTOS VO OLATIPNCEL AVENUEVT] TOPAYOYIKOTNTO
0€ VYNAT GLVOEGOTNTA, TTAPA TN LEIMOT] TOL TAOVTOL T®V €0AMV. AVTO GLVERT Yiati To Kvupiopyo

€l00g 0T HETOKOWOTNTA MTOV TOAD TAPOY®YIKO, Kol UTOPOLGE Vo ovomtuybel oe €Tepoyev
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nepBArirovTa, Eva YOPUKTNPIOTIKO TV YeEVIKELUEVDVY €00V (generalists) (Gravel et al., 2011).
[Tapéio mov awtd TO €100C dEV UTOPOVCE VO AVIOYMVICTEL KOl VO KLPLOPYNOEL OTIC OKPOIEG
oLVONKESG OTOV TO GUGTNHO NTOV KOTOUKEPHOTIGUEVO, 1] CUVOEST] TOV KOTATUNUATOV KOl 1) LETAPOPH
KUTTAPOV HeTa&D TOvg evvonoce TN otadlakn Kuplapyio Tov. Ta yevikevpéva €idn gvvoovvtal €
VOUTIKEG PETAKOVOTNTEG OTAV 01 CLVONKEG LETAPAAAOVTOL GTO YDPO KOl GTO YPOVO, KOOMDS UTopovV

va avBiotavtol peydio evpog mepiParlovtikov cuvOnkadv (Costanza et al., 1993).

— metacommunity --- local assemblages
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[
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Dispersal rate

Ewéva3. Ocopntikéc mpofAéyelg yioo Tov ThovTo 100V (a) kot Vv Tapoymywotra (b) katd puikog
pog dtPdduong ocvvoeoudtrog o pio Bewpntikn petakowdtro (Mouquet and Loreau, 2003,

Loreau et al., 2003) kot TePOUATIKEG PLTOTAAYKTIKEG LETAKOVOTNTES (Topovoa peAETn)(c, d).

Ta mopatnpodueve TPOHTLTOL GTN SOUN KO TOPOYOYIKOTNTA TNG HETOKOWOTNTOG £ivon dpeca
oLVOESEUEVOL LE TN O10OTKOGTI0 TOV KATOKEPUOTIOHOD oV TTponynOnke. O KOTOKEPUATIGUOS KATW®
amd  OlPopeTIkEG TEPIPOAAOVTIKEC ouvONKes odnyel oe Jwpopetikny obvBeon €OV pe
GLYKEKPLUEVOL EYYEVT] YOPOKTNPIOTIKA, YEYOVOS TOV EMTPEMEL TNV UEAETY] TNG OLLOYEVOTOINGNG TPOG
TIG evoldpeceg ouvOnkes. Ot cLYKEKPIUEVEG TEPIPOALOVTIKES cLVONKEG TOL OMpovpYHONKay oTNV
EVOLILEST, GLYVOTNTO TOAROD, €uvONoOV TNV Kuplapyioc tov €idovg mov gvBvvetor, Katd TN
GLVOEGIUATNTO, Y10l TV OLOYEVOTOINGT TOL GLGTHUATOG TPOG AVTEG. Zuvoyilovtag, aivetarl 0Tl M
BéAtioTn Aertovpyion OTIC VOOTIKEG HETOKOWOTNTES (TAOVTOG E0MV, AELTOVPYIKY TOIKIAOTNTO,
TopayOYIKOTTA) emtedeiton 6tav ot TaApol Opentikdv cvpPaivovv avd SlaoTHUOTO LEYUAVTEPO
TOV XPOVOL YEVEAS TV €MV KOl OTOV 1] CLVOECIUOTNTA OVALESO OTIS TOTIKES ProkotvotnTeg lvatl

o€ evolqeca emimedol.
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Tao TapdvTa TEWPAUOTIKA ATOTEAEGUATO UTOPEL VO £X0VV EVPVTEPES EMMTAOCELS, KAOD QaiveTal 0Tt
épyovtar o€ oavtifeon pe TV eupéwg omodeytn Amoyrn OTL avENUEVOG TAOVTOG €MV givol
amopoitnTog Yo T SaTpnomn TV owosvotnkdv Asttovpyudv (Isbell et al., 2011). Zvykekpuéva
Yl TO TOPAKTLOL OLKOGLGTHILATO, OVTA TO OPYIKE OTOTEAEGLOTA VTOVOOVV OTL VYNAT TPOTOYEVNG
TopayOYIKOTNTO propet va emtevydet oe Oha Tol eminedo GLVOEGIUOTNTOS, GAAL O KOTAKEPUATIGHOG
TOVG Umopel va eMPEPEL opvNTIKG amoTeAécpata (Y. EAAEYN ovvoesudTTOS €E0UTIOG TOV
LEIOUEVOV EMTES®MV TOV VOATOV 1 avBpomoyevdv Katackevdv). EmumAéov, gupnuato amd to
HOVTEAO OEIYVOLV T1 GTTOVOAOTNTO TV EYYEVMV YOPUKTNPICTIKOV TOV EW0MV TOGO GTN SLUUOPPOOT

TOV LETOKOVOTNTOV OGO KOl GTNV VYNAN Tapay®ytkdTnTa, aveSdptnta Tou TA0HTOL E10MV.

E€attiog Tov onpavtiK®v Toug emdpAce®my TNV KOTOVONOoT TNG OIKOGLGTNIIKNG AEITovpyiog oAld
KOl OTI KOW®OVIKOOIKOVOKEG TTUYEG oL oyetiCoviar pe v dlayeiplon Tov Tapaktiov {ovav,
glval amopaitnn 1 YEVIKELON OVTAOV TOV ATOTEAEGUATOV TEPA OO GVYKEKPIUEVEG TEPPAANOVTIKEG
ovvOnkeg ko €iom. Tlpémer Aowmdv va diepevviicovpe TOGO HOKPLE UTOPOLY VO GTAGOVY QT TO
amoteléopato, mEpa amd T Oeswpio Kot To apywd TEWPAPATIKG amoteléopata. Emiong, eivol
oNUavTIKO va dtepguvnbel av n mopaTnpovrEVN VYNAN Topay@ykdTnTo, oYeTileTon mThvto pe v
Kuplapyio evog eidovg, kdtt mov Bao odnyovoe oty vroPdduion Tov otkocvotudtemy. Avtd Oa
umopovoe vo peleTnBel YPNOWOTOLOVTIOG UETOKOWVOTNTES TOL YopakTnpilovial amd emmAEov
PEOMOUO OTIG TEPPAALOVTIKEG GUVONKES, OTWS 1| GVYYPOVT 1] ACVYYPOVN OLKVILOVGT TTOP®V KOl 1)

SLOPOPETIKT CLVOEGLOTNTO AVAIEGO OTO KOTATUTLOTO.

H mopovoa 610aKktopikn d1aTpiPr) aoyoAnOnke Le EPOTALOTO TOV £YOVV CNUOVTIKES EMOPACELS OTN
Slelpton TOV TAPAKTIOV EVOLTNUATOV, W10{TEPA VIO TO TPICUO TNG OVOUEVOLEVNG KALLOTIKNG
aAlayns. Me oot dwoyeipion, N TPOTOYEVIG TOPAYOYIKOTNTA QVTMV TOV OIKOGVGTNUATOV Umopel
va olatnpnoel vynAn (o) mopaywyn Kot TAN00G OIKOGUOTNIIK®V ayoddv Kol LTNPECLOV.
Avtifeta, avEavopeveg avOpwomoyeveic dlatapayés mov EEMEPVOVV TNV AVOYY| TV OIKOGLOTNUATOV
AVTAOV, T.Y. EIOPOEG MITOCUATOV KOl KATOKEPUATICUOG eEa1TiOG avOP®TOYEVMOV KOTACKEVMV, UTOPEl
VoL 00N YNOOVV GE PAVOUEVA EVTPOPIGHOV, ETPAAPOV avBicEDV PLKOV KOl GNUOVTIKT VIToPAaOuion
TOV  EVOTNUATOV TOL  YPNOILOTOOVVIOL Omd  YOAPLOL EUTOPIKOV  EVOLAPEPOVTOS Yo TNV
avamopoywyn Tovg, Kabmg Kot omd mapvddtio mtnvé kot BoAidoota OnAaotikd. Amotelécpota
aLTAG NG €peuvag pmopobv emmAéov va Bondnoovv oty gpapuoyn odnyuwv g Evpomaikng
‘Evoong 6mwg n Odnyia IMiaico yuo ta "Ydata (2000/EU) mov amevBivetor cuykekpiuévo otnyv

OIKOAOYIKT] TTOIOTNTA KO OL0YEIPIOT TOV TOPAKTIOV KO LETAPOTIKOV VOATMV.
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EXTENDED ABSTRACT

RESEARCH BACKGROUND

The impact of fragmentation and connectivity on ecosystem structure and function is central in
current ecological research (Sawyer et al., 2011). Viewing landscapes and seascapes as networks of
local communities connected by dispersal has given rise to the concept of metacommunity. This
framework, can offer important insights on ecological processes compared to more conventional
approaches based on local communities alone. Theoretical and experimental studies focused on
terrestrial ecosystems have been widely applied over the last decade, in the framework of
metacommunity theory. However, aquatic ecosystems remain considerably understudied within this

framework (Matthiessen and Hillebrand, 2006).

Metacommunity theory can be directly applicable in aquatic systems, particularly in coastal
ecosystems such as interconnected lagoons, salt marshes, saline ponds and rock pools. These
systems account for a disproportionally large amount of global primary productivity (Cloern et al.,
2013). The latter sustains greater secondary productivity and a wide spectrum of important
ecosystem services, including cycling of nutrients, carbon, and trace metals, secondary production
by herbivores, fish catch, production of cultured shellfish, buffering of contaminants, and recreation
(Costanza et al., 1997). These systems are particularly vulnerable to sea level rises due to climate
change (Cyrus et al., 2010) and increasing seascape fragmentation due to man-made structures
(Kang and King, 2013). Assessing the role of hydraulic connectivity and fragmentation on their
structure (i.e. species composition and diversity) and functioning (i.e. productivity) is therefore

essential for habitat restoration efforts (Januchowski-Hartley et al., 2013).

Coastal aquatic metacommunities have two unique characteristics. First, hydraulic connectivity
between patches is a prerequisite for nutrient and species replenishment. Local and regional species
richness and productivity can vary significantly along different levels of connectivity. While the
relationship of species richness with dispersal has been extensively addressed in both theoretical and
empirical studies (e.g. Mouquet and Loreau, 2003; Cadotte, 2006), the effect of dispersal on
productivity — an important ecosystem function - has been largely overlooked. Theoretical evidence
on this relationship, known as the spatial insurance hypothesis (Loreau et al., 2003), suggests that
productivity is driven by two mechanisms, namely species richness and spatial averaging (i.e.

ecosystem homogenization towards intermediate-type environmental conditions). Spatial averaging
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is thought to be more important at high connectivity levels, buffering to some extent the decrease of
productivity due to species loss. Several empirical studies have now validated the importance of
species richness in driving metacommunity productivity (e.g. Matthiessen and Hillebrand, 2006);

however, the role of spatial averaging in affecting productivity has not yet been explored.

Second, coastal metacommunities can be characterized by high environmental heterogeneity mainly
due to differential resource regimes that each patch receives. For instance, variation within annual or
shorter cycles in freshwater inflows and ocean mixing, leads to variable and often pulsed nutrient
supply regimes (Buyukates and Roelke, 2005; Spatharis et al., 2007). These pulsed inflows can be
regarded as external disturbances, causing population losses through hydraulic displacement, and
growth stimulation associated with nutrient loading. A variable resource supply into a system of
hydraulically connected sites may lead to a heterogeneous environment depending on the proximity
of each local patch to freshwater inputs or upwelling zones. A gradient of different pulsing
frequencies may present a complex relationship with species richness following the intermediate
disturbance hypothesis (Padisak, 1993; Sommer, 1995). Although this relationship has been
adequately addressed, other community attributes such as composition and structure have not been
investigated. It may be hypothesized that a gradient of differential inflow pulses may not only lead
to different richness and diversity as previously shown, but also to distinct compositions regarding
the identity of species and their functional traits. Being able to identify these traits, using simulated

assemblages, can elucidate the underlying assembly rules.

Environmental heterogeneity is often encountered across natural landscapes and seascapes, and
should be thus taken into account in both experimental and modeling approaches trying to establish
the effects of different connectivity levels on community attributes. However, a metacommunity is
not solely related to connectivity but also to the previously isolated local communities created by
fragmentation. This is particularly true in coastal ecosystems, where water levels vary and water
patches can become periodically isolated and reconnected. So far, there is no study that relates the
two processes of fragmentation and reconnection seeking to explain the underlying mechanisms for

the observed community structure and function.

RESEARCH QUESTIONS

The aim of the present study was to assess the effect of fragmentation and connectivity on different

community attributes (i.e. species composition, diversity and productivity) in aquatic
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metacommunities characterized by environmental heterogeneity. Towards this aim I addressed a
number of objectives employing a combination of experimental and modeling approaches using

phytoplankton as model organisms.

Objective 1: Develop the methodological platform for the modeling part of the thesis.

In order to address the main objectives 2 and 3, it was essential to apply a simplistic case study
including two microalgal species in order to develop the methodological procedure related to the
numerical part of the thesis. I used two Pseudo-nitzschia species isolated from the Aegean Sea to
calculate their life-history traits (e.g. growth rate, half saturation constant). These traits were used to
parameterize the resource competition model (Tilman, 1982) used in the modeling part of the work.
The model outcome successfully described the population dynamics of the two competing species
under phosphorus and nitrogen limitation (Fig.1) (paper 1). Therefore the same model was extended
to 100 species competing for phosphorus and nitrogen in an effort to understand the life history traits
that affect the way species compete and lead to particular self-organized assemblages under

fragmented conditions.
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Figurel. The model parameterized with species life history traits, successfully predicted the outcome
of steady state both in monocultures (a-b, d-e) and in competition (c, f) under nutrient limitation.

Lines are the model predictions and dots the experimental results.

Objective 2: Assess the role of fragmentation and resource heterogeneity on community structure.

In this part of my research I investigated how assemblages self-organize in isolation under different
nutrient pulsing regimes employing an experimental and a modeling approach. To explain the
observed patterns, most theoretical studies have focused on traits related to the ability of species to
acquire nutrients (e.g. Huisman and Weissing, 1999; Roelke and Eldridge, 2008). However, in this
investigation, I additionally considered species’ growth. Although this latter trait has been often
overlooked (see comment in Schippers et al., 2001) it can be also crucial for the competitive ability
of a species particularly in environments characterized by periodic nutrient inflows and hydraulic

flushing.

The experimental phase involved a natural phytoplankton assemblage that was fragmented and self-
organized under different nutrient pulsing frequencies in order to form a gradient of environmental
conditions (i.e. heterogeneity). Numerical modeling was additionally employed in order to simulate
the experimental conditions and provide insights on the potential mechanisms leading to observed
self-organized assemblages. In particular, this approach helped to reveal the species’ life history
traits and tradeoffs (e.g. growth rate and ability to acquire nutrients) that drive assemblage structure

and composition. This objective is addressed in paper 2.

Objective 3: Assess the effect of increasing connectivity between local patches characterized by
environmental heterogeneity, on community structure and productivity.

When considering a heterogeneous metacommunity and a fluctuating resource, theory predicts a
non-monotonic relationship between both species richness and productivity with connectivity, with a
maximum at intermediate dispersal rates (Loreau et al., 2003). Local species richness is low at low
dispersal due to competitive exclusion and at high dispersal due to ecosystem homogenization.
Productivity is predicted to follow the same trend, driven mainly by species richness. However, at
high connectivity, a species best adapted to the intermediate-type environmental conditions can
average out heterogeneity and dominate across the metacommunity, an effect called “spatial
averaging”. This mechanism can retain slightly higher productivity at high connectivity, due to a

smaller temporal variability of the biomasses of the species present.
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As this hypothesis has not been tested experimentally so far, I employed phytoplankton assemblages
to provide empirical evidence on the role of spatial averaging on richness and productivity. To test
for this mechanism, I used the steady-state fragmented assemblages characterizing the three different
nutrient pulses from the previous experiment (see objective 2). These assemblages now represented
my local patches which were reconnected at different connectivity levels, forming

metacommunities. This objective is addressed in paper 3.

Phytoplankton as model organisms

Phytoplankton assemblages are ideal as model organisms for the study of mechanisms that drive
assemblage diversity and productivity. They grow easily in laboratory conditions, they form species-
rich assemblages and they present short generation times and rapid interspecific interactions, that
enable observation of successional processes over periods as brief as a single year (Harris, 1986)
(succession in most other plant communities take several years or decades). Furthermore, traits of
individual species, such as their competitiveness in acquiring resources, have been quantified
experimentally, enabling their extensive use in consumer-resource models (e.g. Huisman and
Weissing, 1999; Roelke and Eldridge, 2008). Phytoplankton also plays a pivotal role in ecosystem
function being at the base of the food chain. Increased phytoplankton diversity can sustain greater
diversity and productivity at higher trophic levels (Striebel et al., 2012) whereas increased
productivity can benefit a multitude of ecosystem goods and services (Costanza et al., 1997).
Moreover, findings based on phytoplankton systems can be extended beyond them, since their
assemblage structure follows common ecological theory and the Monod model that seeks to explain
their life history traits relationships is applicable to other assemblages including macroalgae and

plants, many of which also experience seasonal resource variability.

MAIN FINDINGS

This study revealed that fragmentation of an assemblage under different nutrient pulsing regimes
(paper 2) can be of paramount importance in forming assemblages of different structure and
composition. However, variability in these assemblage attributes was not only observed among the
different pulsing regimes but also among the replicates of the same regime. The among-replicate
variability was less pronounced in the high-frequency nutrient pulses, which also presented low
species richness whereas low-frequency pulses yielded higher species richness. These results were

successfully reproduced by numerical modeling, revealing that growth rate is the most important life
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history trait under the applied pulsed regimes, followed by the ability to compete for phosphorus.
The combination of these life history traits (grow fast and be competitive for phosphorus) in a single
species is what primarily shapes the above assemblages. At lower frequencies species with different
traits start to appear, revealing a higher functional diversity along with higher species richness, also
observed in experimental assemblages (Fig.2).The prominent role of species traits in shaping the
final assemblages under different pulsing regimes suggests that niche-based rather than neutral

processes shape phytoplankton assemblages.
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concentration (uM) (d) for the experiment (exp) and the tree scenarios, when species initial relative
abundances vary - sl (scenariol), s2 (scenario2), s3 (scenario3), 1d, 3d, 6d the pulsing frequencies

of 1,3,6 days.

When isolated assemblages were connected at increasing levels of dispersal (paper 3), species
richness was higher at the intermediate connectivity levels, in agreement to theory (Fig.3). However,
in contrast to theory, the mechanism of spatial averaging was prominent even when dispersal rates
were low, and was also able to maintain increased productivity at high connectivity despite the
decreased species richness. The latter occurred because the dominant species across the
metacommunity was also highly productive being able to exploit heterogeneous environments, a
characteristic of generalist species (Gravel et al., 2011). Although this productive generalist was
unable to compete in isolation in the extreme environmental conditions, with the onset of hydraulic
connectivity among patches, recurrent transfer of cells and nutrients enables it to gradually dominate
regionally. Generalist species are favored in aquatic metacommunities where conditions vary in time

and space, since they can tolerate a wide range of environmental conditions (Costanza et al., 1993).
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Figure3. Theoretical species richness (a) and productivity (b) along a gradient of dispersal in a
theoretical metacommunity (Mouquet and Loreau, 2003, Loreau et al., 2003) and experimental

laboratory phytoplankton metacommunities (c, d).

The observed patterns of metacommunity structure and productivity are directly linked to the
preceded fragmentation process. Fragmentation under different environmental conditions leads to
the persistence in each pulsing regime of species with particular life history traits, enabling to test
for spatial averaging. Environmental conditions at the intermediate pulsing frequency led to the
dominance of a species, which, during connectivity, was responsible for the system homogenization
towards them. It seems that optimal ecosystem function (maximal richness, functional diversity, and
productivity) in heterogeneous aquatic metacommunities can be achieved when the interval between
resource pulses exceeds the generation times of constituent species, and when patches are connected

at intermediate connectivity levels.

The present experimental findings might have important broader implications as they seem to
contradict the generally established principle that species richness is essential to maintain ecosystem
function (Isbell et al.,, 2011). Considering coastal aquatic communities in particular, these
preliminary results would suggest that high primary productivity can be sustained at any
connectivity level, however negative effects are expected when the system becomes fragmented (e.g.
no connectivity due to reduced water levels, or man-made barriers). Moreover, findings from the
modeling part of this work, underline the importance of species life history traits in forming

metacommunities and sustaining high productivity, independently of species richness.
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Due to their crucial implications for both our understanding of ecosystem functioning and
socioeconomic aspects related to coastal zone management, it is essential to generalize these
findings beyond particular environmental conditions and beyond particular species. It is thus
essential to explore how far-reaching these results might be, beyond the basic assumptions of theory
and these preliminary experimental findings. Furthermore, it is important to establish if this high
productivity is always associated with dominance of one species, which could lead to ecosystem
degradation. This could be addressed with the use of metacommunities characterized by
environmentally plausible conditions such as multiple fluctuating resources and differential

between-patch connectivity.

The present thesis addressed questions that are certain to have important implications for the
management of coastal habitats, especially under the anticipated effects of climate change. If
managed appropriately, primary productivity in these systems may sustain greater animal
productivity and a multitude of ecosystem goods and services to our society, including fisheries,
aquaculture, and absorption of contaminants. In contrast, increasing anthropogenic disturbances
beyond the tolerance of these systems, e.g. fertilizer inflows and landscape fragmentation due to
man-made structures may lead to eutrophication, harmful algal blooms and severe degradation of the
habitats used as breeding grounds by commercial fish species and iconic seabirds or marine
mammals. Results from this research can inform the implementation of EU policies such as the
Water Framework and Marine Strategy Directives, which implicitly address the ecological quality

and management of coastal and transitional waters.
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COMPETITION BETWEEN TWO GLOBALLY IMPORTANT PSEUDO-NITZSCHIA
SPECIES UNDER N- AND P- LIMITATION (PAPER 1)

ABSTRACT

To promote the understanding of mechanisms leading to coexistence and exclusion, especially as it
relates to incidence of some harmful algal blooms (HABs), it is essential to establish information
related to the nutritional needs of species for macronutrients, mainly nitrogen (N) and phosphorus
(P). In this research, we focused on Pseudo-nitzschia species, namely P. delicatissima and P.
galaxiae, two frequently coexisting diatom species capable of producing the toxin domoic acid and
forming blooms. We employed monoculture experiments to determine various growth kinetic
parameters important for understanding resource use (i.e. maximum specific growth rate (Umax),
half-saturation coefficients of growth (Ks) and cell quotas (c)), mixed-culture experiments to
determine outcomes of resource competition, and numerical modeling to explore the role of
exploitative resource competition relative to unknown factors. Experimental results showed that
both species had a high requirement for N and low requirement for P, which is consistent with field
observations of Pseudo-nitzschia blooms in N-rich conditions. Mixed culture experiments showed
that P. galaxiae outcompeted P. delicatissima quicker than predicted by our numerical model that
considered only exploitive resource competition. This suggests that other interactions, i.e., some
type of interference, between P. galaxiae and P. delicatissima are important. The consistent
competitive exclusion of P. delicatissima by P. galaxiae in our laboratory experiments also
underscores the importance of other factors in the natural environment, not related to resource
exploitation, which might enable coexistence of these species. These processes likely include
differential sinking rates and grazer feeding preferences, both greater for P. galaxiae compared to P.

delicatissima.

Keywords: growth kinetic parameters, Monod model, population dynamics, P. delicatissima, P.

galaxiae, resource competition
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INTRODUCTION

Coastal ecosystems around the globe are increasingly subject to eutrophication phenomena due to
terrestrial nutrient loadings (Anderson et al., 2002; Yeager et al., 2005; Spatharis et al., 2007,
Spatharis et al., 2009). These loadings, often rich in nitrogen (N) and phosphorus (P), can
significantly modify water chemistry, community composition and diversity with subsequent
alterations in the food web (Spatharis et al., 2007). Harmful algal blooms (HABs) are a result of
such phenomena (Anderson et al., 2002; 2008; Heisler et al., 2008) having important consequences
on ecosystem stability but also on local economies and public health (Scholin et al., 2000;
Hallegraeff, 2010; Klein et al., 2010). To promote the understanding of mechanisms leading to
HABs in environments affected by resource fluctuations, it is essential to establish information

related to their nutritional requirements and competitive abilities on multiple resources.

The genus Pseudo-nitzschia is cosmopolitan and most species can cause Amnesic Shellfish
Poisoning (ASP) symptoms, due to the production of domoic acid which has an impact on different
levels of the food web and human health (cf., review by Bates 1998). The species Pseudo-nitzschia
delicatissima in particular, has received increased attention due to its widespread occurrence and
HABs around the globe including North America ( Kaczmarska et al., 2007; Quijano-Schecggia et
al., 2008), East Atlantic Coasts (Fehling et al., 2005; Klein et al., 2010), the Mediterranean Sea
(Carropo et al., 2005; Cerino et al., 2005), and New Zealand (Trainer et al., 2012). P. galaxiae, is
also receiving increased attention due to its widespread occurrence and late discovery on its ability to
produce domoic acid (Cerino et al., 2005). This species has been frequently reported in multi-species
blooms with P. delicatissima, in North America (Lundholm et al., 2006), Australia and New Zealand
(Lundholm and Moestrup, 2002), and the Mediterranean Sea (Cerino et al., 2005; Moschandreou and
Nikolaidis, 2010; Zapata et al., 2011; Trainer et al., 2012).

A plethora of studies suggest that Pseudo-nitzschia blooms are associated with N-rich freshwater
inflows related to anthopogenic activities in the watershed (Turner and Rabalais, 1991; Dortch et al.,
1997, Trainer et al., 2000; Caroppo et al., 2005; Loureiro et al., 2005; Spatharis et al., 2007). Indeed,
the significance of N in Pseudo-nitzschia nutrition cannot be overstated as it is required for its
growth and domoic acid production (Bates, 1998; Cochlan et al., 2008). Despite the importance of
quantifying the requirements of HAB species for macronutrients to elucidate their occurrence,
dynamics, bloom formation and/or toxin production, studies on the growth kinetics of Pseudo-
nitzschia spp. are still scarce (Cochlan et al., 2008; Loureiro et al., 2009; Thessen et al., 2009). The
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quantification of life-history traits of naturally coexisting Pseudo-nitzschia spp. would seem
paramount considering that HABs of this genus often comprise many abundant populations
(Kaczmarska et al., 2007; Thessen and Stoecker, 2008; Leblad et al., 2013), possibly suggesting

similar growth requirements of the species involved.

Coexistence of multiple species in the field may be attributed to different mechanisms. Resource-
ratio theory (Tilman, 1982) is a useful conceptual and computational framework illustrating one
such mechanism, exploitative competition for resources. This framework enables comparison of
species’ competitive abilities for multiple resources that are defined by common life history traits.
This in turn enables prediction of competitive outcomes under various nutrient loading conditions
(Tilman and Kilham, 1976; Tilman et al., 1982; Huisman and Weissing, 2001; Huisman, 2002). This
theory postulates that coexistence is possible at resource supply ratios situated in an area of the
resource trade-off space somewhere between the resource consumption vectors of the competing
species. When resource supply ratios are closer to the resource consumption vector for one species,
competitive exclusion results. Resource-ratio theory can also be used to explain the effect of
variable environmental conditions in regards to the resource ratio in the supply. Here, environmental
fluctuations enable coexistence of a number of species much greater than the number of limiting

resources (see Tilman, 1977; 1981; Sommer, 1984; 1985; Grover, 1989a).

There are many other biodiversity sustaining mechanisms acting in plankton environments that
Resource-ratio theory does not describe. For example, vertical mixing and pulsed inflows
differentially affect the different groups of organisms so when these vary in time, coexistence is
promoted (Richerson et al., 1970; Roelke et al., 1997; 1999). Similarly, incomplete horizontal
mixing leads to niche differentiation and dispersal of the species which in turn retains a high number
of species due to rescue effects, thereby promoting coexistence (Richerson et al., 1970; Bracco et al.,
2000). Selective grazing or higher vulnerability to pathogens for species that are superior
competitors for resources enable persistence of competitively inferior species, again promoting
coexistence (e.g.Sterner, 1989; Brussaard, 2004; Roelke et al., 2004). Finally, differential sinking
rates that lead to elevated losses of the best competitor is another mechanism promoting coexistence

(Smayda, 1970; Grover, 1989b; Litchman and Klausmeier, 2008).

An approach to evaluating the relative importance’s of these various biodiversity-sustaining
mechanisms is to compare the predictions of conceptual and computational models, such as

Resource-ratio theory, to empirical observations. In this case, the importance of exploitative
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competition, as predicted by Resource-ratio theory, can be compared to the net effect of other
mechanisms. To accomplish this, however, knowledge of common life-history traits for the species
being compared must be known. To apply Resource-ratio theory, knowledge of the maximum
specific growth rate (lmax) and the half-saturation coefficient (Ks) must be known. While these life-
history traits have been measured for many freshwater species (Tilman and Kihlam, 1976; Tilman,

1981; Tilman et al., 1982) they are less frequently measured for marine species (Sommer, 1986).

The present study provides the first estimation of pimax and Ks for inorganic N and P for two globally
important HAB species, P. delicatissima (Cleve) Heiden and P. galaxiae Lundholm and Moestrup,
that have been isolated from a coastal bay where they naturally coexist. We focus on these two
important nutrients for algal growth as they are associated with freshwater inflows and HAB
phenomena in coastal environments. We employed experiments using batch and continuous cultures
to determine pmax and Ks for N and P. These life-history traits were then used to parameterize a
numerical model simulating the outcome of resource competition between these two species.
Through comparison of model simulations with empirical observations from competition
experiments, we evaluate the likely importance of exploitative resource completion relative to other

factors that might influence coexistence between these species.

METHODS

Pseudo-nitzschia species

Experiments were carried out with two Pseudo-nitzschia species, namely P. delicatissima and P.
galaxiae. Both species were isolated from Kavouri Attiki, Greece where they coexisted at
abundances of 3.0x10* cells/L for P. delicatissima and 1.1x10%cells/L for P. galaxiae. Taxonomic
identification of the species was carried out in the Laboratory of Ecology and Taxonomy, University
of Athens using Transmission Electron Microscopy (TEM). P. delicatissima cells were narrow and
linear, 46.8 — 87.1 um long (mean + S.D.: 58.2 + 10.7, n=31), and 1.4 — 3.1 um wide (mean + S.D.:
2.04 £ 0.45, n= 20) forming stepped chains. P. galaxiae was 23.7-32.3 um long (mean + S.D.: 27.9
+ 2.03, n=31), and 2.5-6.3 um wide (mean = S.D.: 3.6 + 0.9, n= 31) lanceolate to needle-shaped,
with a swelling in their central part, and two chloroplasts in the central area. Cell biovolume, cell
surface area, and surface area-to-volume ratio were estimated using cellular dimensions

corresponding to representative geometrical shapes (Hillebrand et al., 1999).

Estimation of growth kinetic parameters
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Both batch and continuous cultures (chemostats) were employed for the estimation of growth kinetic
parameters. The maximum growth rate (u; max) of the two species was estimated using batch cultures
with no nutrient limitation, replicated three times. In the present study, t max Was evaluated from the
slope of a plot of In (N) versus time (t) in the exponential growth period, based on the equation:

N(t) = Nye Wimaxt)
Where N, is the number of cells at the beginning of the exponential growth phase and N(?) the
number of cells at time # (Hill and Robinson, 1974).

Parameter R* (the resource availability at steady-state) and cell quota, ¢, for N and P were measured
in flow-through vessels (chemostats). These consisted of vertical glass tubes (volume of 360ml)
containing the culture positioned within an outer glass tube where water was circulated for
temperature control. The volume of the inner tube was held constant by a continuous inflow of
nutrients through a peristaltic pump and a continuous outflow of nutrients and cells through an
overflow system. The flushing rate was constant (D=0.4 d"") throughout the experiment. Stirring and
aeration was conducted by an air pump that sent a big bubble in the inner tube once every minute to
avoid cell sedimentation and clump formation. Experiments were performed in a climate-controlled
chamber, where temperature was held constant at 20°C and photoperiod at a 12-h light:dark cycle.
1

Cool white fluorescent bulbs were used as a light source and irradiance was 65 pmol m? s

according to Moschandreou and Nikolaidis (2010).

Experimentations for each species consisted of two treatments with two replicates each. The first
treatment involved nutrients supplied that were N-deficient, eventually leading to N-limitation, and
the second treatment involved nutrients supplied that were P-deficient, eventually leading to P-
limitation. The total number of continuous cultures was thus 8 (2 species x 2 treatments x 2
replicates). The condition for N-deficiency was achieved by a five-fold reduction in nitrate
concentration and for P-deficiency by a five-fold reduction in phosphate concentration over the

initial /2 medium concentration (Guillard and Ryther, 1962; Guillard, 1975).

Daily, 6 mL of each culture were collected and in-vivo chlorophyll-a (Chl a) fluorescence was
measured using a Turner fluorometer. Each sample was fixed with Lugol’s iodine solution and
sonication was used to break the clumps apart. Cell counting was performed using a Palmer-
Maloney nanoplankton chamber (0.1mL%) and a Motic AE31 inverted microscope at 400x. When

biomass was invariable over a period of 5 days, cultures were considered at steady-state. Then, a 50
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mL sample of each culture was filtered and filters were kept in the freezer for measurement of
chlorophyll-a, and intracellular TP and TN (Bachmann and Canfield Jr, 1996), which when divided
by the cell density at steady state yields the cell quota. Filtered water was analyzed for ambient
nitrate and phosphate concentrations according to Parsons et al. (1984). Two samplings were

conducted during the steady-state period (thus 2 replicates x 2 samplings, n=4).

The concentration of the ambient limiting nutrient of a species i measured at steady-state
corresponds to the R;*. The half saturation constant (Ky;), which summarizes, in part, the competitive
ability of the species for a resource when it is at low availability, was calculated using the R*
equation (Tilman, 1982) solved for K:

Hmax; — D)
D

Where fqy, 18 the maximum growth rate of the species i and D is the dilution rate (0.4 dh.

Ksi = R:(

Competition experiments

To test the outcome of competition for N and P between these two species and compare it to model
predictions, the two Pseudo-nitzschia species were put together in a chemostat culture where
supplied nutrients were N-deficient (2 replicates) and where supplied nutrients were P-deficient (2
replicates). Mixing of the two species populations was conducted using equal biovolumes, a

common approach to phytoplankton mix cultures (Schmidtke et al., 2010; Schabhiittl et al., 2013).

Numerical model
For modeling population dynamics of two species competing for one resource, we employed a
widely used mathematical model (Tilman 1982) that describes changes in phytoplankton cell density

(N;) and nutrient concentration (R)) following the equations:
dN i .umax-Rj
Lo N (Lo Li=12
dc (Kﬁ +R )
dR

2
d—t’ =D(S;—R;) - Z ¢ji (R, RON; ,j =12
i=1

Ni denotes the abundance of species i, and R; the concentration of resource j; fpmay, 1S the

maximum specific growth rate of species I and Kji is the half-saturation constant for resource j of

species 1, as expressed in the Monod model of growth; m; is the specific mortality rate of species i;

31



D is the dilution rate; S; is the supply concentration of resource j; and c;; is the cell quota of resource

j in species 1.

To test the role of exploitation competition relative to other interactions that might be occurring
between the two diatom species, we compared simulation results from the model after
parameterization with the growth kinetic parameters estimated from the laboratory experiments
(which only accounted for exploitative competition) with the empirical results from the N- and P-

limited competition experiments.

The numerical model and simulations of population dynamics of the two species were carried out

using the VisSim software.

RESULTS

Surface area-to-volume ratio was greater for P. galaxiae (3.43+0.44) compared to P. delicatissima
(0.75+0.57), as expected by its smaller size. However, the pmax estimated from batch cultures were
similar for the two Pseudo-nitschia species (Table 1), although significantly higher for P. galaxiae
(p>0.05). This was also consistent with the observation of chemostat monocultures, where P.

galaxiae approached steady-state faster than P. delicatissima.

The measured R* values for both N and P were lower for P. galaxiae than P. delicatissima,
indicating the higher competitive ability of the former species for both resources at the dilution rate
used. When the R* were considered along with the pmax values, the Ks values were also lower for P.
galaxiae than P. delicatissima. The cell quotas for N and P were approximately an order of
magnitude less for P.galaxiae compared to P. delicatissima, allowing P.galaxiae to sustain higher
cell densities under N and P limitation. Parameters measured by culturing techniques are

summarized in Table 1.

Table 1. Growth kinetic parameters under N- and P- limitation for P. delicatissima and P. galaxiae
(mean £ S.D., n=4). Flushing rate (D) was set at 0.4 d"' and resource limitation for N and P were a

five-fold reduction over the initial /2 medium concentration.
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Parameter P. delicatissima  P. galaxiae
Maximum growth rate 0.92 1.11
Hmax (d71) +0.05 +0.03
Maximum growth rate
0.70 0.68
for nitrogen pmax~ (d)
Cell no. at steady-state (cells
g 1 Y 8.31x 10° 25.58 x 10°
:E W
E 2.12x 107 732 x 10
= C (uM N cell") measured
Z +0.306 x 1077 +0.383 x 108
Resource requirement -N 2.602 1.604
R* (uM N) +0.362 +0.102
Half saturation constant -N 3.383 2.847
Ks (uM) +0.559 +0.128
1.33 x10® 3.97x 107
C (uM P cell'!) measured
+0.665 x 10°® +1.23x 107
g Cell no. at steady-state 6.39 x 10° 17.85x10"
=
’é Resource requirement - P 0.042 0.026
T R* (uM P) +0.019 +0.009
Half saturation constant - P 0.055 0.046
Ks (uM) +0.030 +0.012

Competition experiments showed the superior competitive ability of P. galaxiae under N- and P-
limitation (Fig.lc,f), confirming predictions based on the R* conceptual model. P. delicatissima
grew up to a significantly lower population compared to P. galaxiae during the first 8 days of the
competition experiment, but was outcompeted thereafter. In the absence of a competitor, P. galaxiae

cell density increased to its monoculture yield.

Overall, model predictions of monocultures and mixtures were similar to the experimental data for
the P-limitation condition (Fig.1). The rate of increase in cell density and the final cell density for
both species were accurately predicted by the model. However, considering the N-limitation
condition, the model showed a rate of cell density increase higher than what was observed in the
monoculture experiments. Furthermore, in the competition simulation, the model predicted an

accumulation of P. galaxiae cells quicker than observed in the competition experiments, and the
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model predicted an initial accumulation of P. delicatissima cells to a greater density than observed
in the competition experiment.

N-limitation P-limitation

e gmode| «= == dmodel m gexperiment e dexperiment

3000 -
d

3000 - 3000 -

Abundance
x106 cells L1

3000 - 3000 -

0 4 8 12 16 20 24 28 0;] 4 8 12 16 20 24 28
Days
Figurel.Time course of monoculture experiments for P. galaxiae (a,d) and P. delicatissima (b,e),
under N and P limitation and time course of competition experiments for nitrogen limiting
conditions (c¢) and phosphorus limiting conditions (f), parameterizing the model with the same pimax,

calculated from the batch cultures. Points indicate experimental means of abundance with standard

deviation and lines indicate model predictions of abundance.

To adjust for this, we lowered the pmax for both species under the N-limitation condition. The new
maximum specific growth rate for the N-limitation condition (umaxn) Was adjusted to yield the best
fit of the model to experimental observations in monocultures (Fig.2a, b), which was found to be
nearly equal for both species. The competition simulation under the N-limitation condition using
the pmaxny values predicted a slower accumulation of P. galaxiae cells than observed in the
competition experiments and it did not reach steady state cell densities, at least at the time span
tested. Concerning P. delicatissima, it predicted an accumulation of cells to a greater density than

observed in the competition experiment, and underestimated the rate of exclusion (Fig.2c).

34



gmodel = = dmodel m gexperiment e dexperiment

3000 4
a

3000 +

Abundance
x10°¢ cells L!

3000 -

Days

Figure 2.Time course of monoculture experiments for P. galaxiae (a) and P. delicatissima (b), under
N limitation and time course of competition experiments for nitrogen limiting conditions (c), fitting
the model pmaxn, to monoculture experiments. Points indicate experimental means of abundance

with standard deviation and lines indicate model predictions of abundance.

DISCUSSION

In the present study, we isolated the effect of N and P on the growth kinetics of two Pseudo-
nitzschia species from the effect of multiple other parameters that are known to affect phytoplankton
growth such as salinity, temperature, grazing, hydrodynamics and micronutrients. We chose to focus
on macronutrients as their inflow of terrestrial origin into coastal areas often seems to stimulate
bloom development (Anderson et al., 2002; Trainer et al., 2012). Our results show that both P.
delicatissima and P. galaxiae were poor competitors for N as evidenced by their moderate pmax and
high Ks compared to many phytoplankton species which are known to have pmax values in the range
of 0.36 to1.64 d! and Ks values for N in the range of 0.2 up to 2 uM (Reynolds 2006). This finding
is consistent with multiple observations of a strong relationship between ambient nitrate
concentrations and abundance of Pseudo-nitzschia spp. (e.g. Anderson et al., 2002; Caroppo et al.,

2005; Kaczmarska et al., 2007; Spatharis et al., 2007; Trainer et al., 2012). On the other hand, the P
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requirements of both species were low (~0.05 umol) compared to reported half-saturation constants
of diatom species in the literature ranging from 0.011 to 0.25 uM (Tilman and Kilham, 1976;
Tilman, 1977; Holm and Armstrong, 1981; Reynolds, 2006). This indicates that both species are
competitive for P when with species of comparable maximum growth rates and are thus able to
sustain populations even when the availability of this nutrient in the environment is low (e.g. <0.1

uM).

Many life history traits of phytoplankton species have been associated with their cell size
(Richardson, 1998; Sarthou et al., 2005; Edwards et al., 2011). P. galaxiae, being the smaller of the
two studied species, has a greater surface area-to-volume ratio and presents a higher pmax. A larger
surface area also implies that the species is efficient in performing a faster nutrient uptake (Sarthou
et al., 2005). Moreover, P. galaxiae’s significantly smaller size can explain its lower intracellular
nutrient content, in agreement with previous studies on phytoplankton in Florida Bay (Richardson,
1998). These results are consistent with the general observation that the competitive ability of
marine phytoplankton for both N and P decreases with increasing cell volume (Edwards et al.,

2011).

Based on nutrient concentrations at steady state in the monocultures (R*), P. galaxiae uses both N
and P more efficiently than P. delicatissima, and therefore outcompetes it under both N and P
limitation. Although a trade-off has been observed by previous studies on the requirements of
species for resources such as P and Si, or N and Si (Huissman and Weissing, 2001), there is very
few data to support such a relationship for the requirements of specific species on N and P (Edwards
et al., 2011). Therefore, the present study contributes to our knowledge on the relationship between
N and P requirements, showing the absence of a trade-off when considering these two Pseudo-
nitzschia species. The relationship between cell quota (¢) and R* also remains unclarified. Even
though a linear relationship has been observed between ¢ and R* for silicate there is no clear trend
for P and still no evidence for N (Huissman and Weissing, 2001). In the present study, P. galaxiae is
clearly a better competitor for both nutrients which suggests that the species would exclude P.
delicatissima in vitro if exploitative competition was the only mechanism defining the interaction

between the two species.

The outcome of competition was predicted by the model, even in the simulations of N-limitation
where the rate of cell density increase of the eventual winner (P. galaxiae) was too quick when

parameterized with measured pmax (from batch cultures) or was too slow when parameterized with
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fitted pumax (from continuous cultures). Furthermore, model simulations using both estimations of
Umax (measured and fitted), showed a greater accumulation of P. delicatissima cells than observed
experimentally. This suggests that under N-limitation P. galaxiae suppresses P. delicatissima’s
growth in a way that is more pronounced than explained by exploitative competition only. This
could be explained by an unknown form of interference completion, such as allelopathy. However,

to our knowledge, this has not been reported previously.

These findings suggest that in environments where N or P is limiting for a substantial period of time,
P. galaxiae is more likely to dominate an assemblage than P. delicatissima. However, the two
species have been found to co-exist in the natural environment in densities higher than 1x10%cells/L.
Field interactions are usually more complex than experimental and differential losses experienced in
the field might be one of the reasons explaining the coexistence of the two species in the natural
environment. P.galaxiae is a smaller species and even though it is highly competitive, it can be more
susceptible to predation (Chen and Liu, 2010; Edwards et al., 2011). Furthermore, it tends to form
clumps which increase its sinking rates (Spatharis, unpublished data). On the other hand, P.
delicatissima can remain suspended for substantially longer time periods and due to its larger size it
can store more nutrients during brief periods of high supply (Grover, 1991; Edwards et al., 2011).
There has also been evidence of the consumption of organic substrates from certain P. delicatissima
strains, which can explain its persistence in low inorganic nutrients concentration (Loureiro et al.,
2009). Moreover, factors other than limiting resources including temperature and salinity have been
found to switch the competitive ability of species and change the outcome of their competition
(Tilman, 1982). Coexistence of these two Pseudo-nitzschia species in the field is consistent with
other field observations on Pseudo-nitzschia blooms often consisting of multiple species at

important densities (Kaczmarska et al., 2007; Thessen and Stoecker, 2008; Leblad et al., 2013).

In order for management schemes to efficiently target HAB species in given areas, it is essential to
consider the relationship between the species proliferation to the quantities of incoming nutrients.
For this purpose, the combination of experimental results on N and P limitation would enable the
study of the relationship of resource requirements for two major nutrients of species. This study
provides the first experimental evidence on the high nitrate requirement of two globally important
Pseudo-nitzschia spp. supporting the importance of the latter for growth and possibly toxin
production. Moreover this study indicates that N rather than P in the nutrient-rich freshwater inputs
is the factor triggering bloom development, as observed previously (Bates, 1998). To conclude, the

present study has shown the importance of combining experimental approaches (batch and
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continuous cultures) in order to provide an efficient estimation of growth kinetic parameters and
parameterize models of species competing for limiting nutrients. The present results can be used in

order to explain and predict HAB dynamics and occurrence in disturbed marine ecosystems.
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INCREASING FUNCTIONAL DIVERSITY WITH DECREASING RESOURCE PULSING
FREQUENCY FOLLOWING FRAGMENTATION (PAPER 2)

ABSTRACT

Fragmentation in aquatic ecosystems is observed in coastal environments due to water level
variation and man-made structures. In each isolated patch, different environmental conditions,
mainly driven by differential resource regimes, are expected to host functionally different species. In
the present study, we explore the effects of fragmentation and differential nutrient pulsing
frequencies in the structure and composition of phytoplankton assemblages. This approach couples
experimental assemblages from the Aegean Sea, Greece with a widely applied resource competition
model, partially parameterized with experimental findings. Phytoplankton was fragmented and self-
organized under different nutrient pulsing frequencies (every 1, 3, and 6 days), resulting in
assemblages of different structure and composition. To explore the underlying mechanisms of this
behavior, different scenarios of relationships between species life history traits were implemented in
the numerical model. Furthermore, scenarios of species initial relative abundances and species
stochastic extinctions were used to monitor the difference between the replicates in each pulsing
frequency. Experimental results were successfully reproduced by numerical modeling, revealing that
growth rate is the most important life history trait under the applied pulsing regimes, followed by the
ability to compete for phosphorus. Fragmentation under the tested regimes results in substantial
system heterogeneity, which yields higher functional diversity and richness in the low frequency

pulse, a trend observed in both experimental and simulated assemblages.

Keywords: phytoplankton, coastal ecosystems, life history traits, resource competition model, self-

organized assemblages
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INTRODUCTION

Landscape fragmentation can severely impact populations and communities, increasing their
extinction risk due to genetic and demographic stochasticity and limiting population movements in
response to perturbations (Sawyer et al., 2011). Fragmentation can have important implications on
ecosystem function through the loss of functionally dissimilar species (Boersma et al., 2014)
resulting in the disruption of important ecosystem goods and services. To predict the effects of
habitat alterations on the structure (e.g. diversity) and function (e.g. productivity) of ecosystems and
optimize their environmental stewardship, it is essential to gain a deeper understanding of
mechanisms controlling species coexistence and dynamics. Although fragmentation and its effects
on ecosystem properties have been extensively addressed in terrestrial ecosystems (e.g. Debinski

and Holt, 2000), aquatic and particularly coastal environments remain significantly understudied.

Coastal ecosystems such as interconnected coastal lagoons, salt marches, ponds and rock pools
usually consist of fragmented local patches. Due to the anticipated effects of climate change (Cyrus
et al.,, 2010) and increasing man-made alterations (Kang and King, 2013), the effect of habitat
fragmentation on the structure and function of these seascapes are currently key issues in ecological
research and habitat restoration efforts (Januchowski-Hartley et al., 2013). The importance of these
coastal systems cannot be overstated, as they are characterised by a high diversity of ecological
processes (Costanza et al., 1993) and account for a disproportionally large amount of global
productivity (Mann and Lazier, 1991). Despite their importance, so far there have been no studies

addressing the effects of fragmentation on primary producers.

Coastal communities can be characterized by high environmental heterogeneity mainly due to
differential resource regimes that each patch receives. For instance, variation within annual or
shorter cycles in freshwater inflows and ocean mixing, leads to variable and often pulsed nutrient
supply regimes (Buyukates and Roelke, 2005; Spatharis et al., 2007). These pulsed inflows can be
regarded as external disturbances, causing population losses through hydraulic displacement, and
growth stimulation associated with nutrient loading. A variable resource supply into a system of
hydraulically connected sites may lead to varied localized conditions. A gradient of different pulsing
frequencies presents a complex relationship with species richness that follows the intermediate
disturbance hypothesis (Padisak, 1993; Sommer, 1995). Although this relationship has been
adequately addressed, other community attributes, such as composition and structure, resulting from

the fragmentation of an initial species-rich community have not been investigated.
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Differential pulsing frequencies applied in each fragment are expected to favor species with
particular life history traits (e.g. ability to acquire nutrients and growth rate), according to niche
theory (Vandermeer, 1972).Nutrient pulses of high frequencies and low magnitude, are expected to
result in low environmental variability, hindering severe nutrient depletion and thus enabling a few
fast growing specialists to persist. As frequencies decrease, the time interval between successive
enrichments increases leading to greater variability in nutrient concentrations (reflecting
environmental variability) and nutrient depletion. In theory, this should facilitate coexistence of
more species with different traits, particularly favoring those with lower nutrient requirements
(Sommer, 1989; Reynolds, 1993). Although the identity and number of different species in the self-
organized assemblages can be established with experimental approaches, the measurement of their
respective traits remains a challenging task. A modeling configuration based on realistic ranges of
species traits and trait trade-offs that will simulate community dynamics across environmental
gradients (Litchman et al., 2007; Edwards et al., 2013) can provide further insights on how

functionally different these species are.

In the present study we aim to investigate mechanisms and life history traits driving species
composition and structure under different environmental conditions (i.e. pulsing frequencies)
following the fragmentation of an initial phytoplankton assemblage. The current approach can
complement previous modeling approaches on functional traits under nutrient pulses (Edwards et al.,
2013), since it took into account coexisting species in natural assemblages rather than a compilation
of traits from literature. The study involved an experimental part consisting of laboratory
microcosms of phytoplankton assemblages self-organizing under different nutrient pulsing
frequencies. This was combined with a numerical model, adapted to simulate the above experiments
and parameterized with realistic life history traits and trade-offs. This integrated approach, will help
us test our hypotheses enabling the quantification of the life history traits of species in the self-

organized assemblages.

METHODS

Experimental assemblages
Surface water from the Aegean Sea was collected into 10L Nalgene carboys. Upon arrival to the
laboratory, a portion of the water was filtered through 47mm Whatman GF/F glass fiber filters, and

used for the preparation of f/2 media (Guillard and Ryther, 1962). Water to be used as inoculum for
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cultures was pre-filtered through a 100um mesh-size plankton net to avoid bias from
mesozooplankton (Katechakis et al., 2002). Experiments were initiated approximately 10h after

water collection.

Microcosms consisted of semi-continuous cultures in 1L vessels. Nutrients were pulsed under three
different frequency regimes (once every day, 3 days, and 6 days). The volume displacement and
magnitude of nutrient loading over time was the same for all culturing conditions. This was achieved
by removing a culture volume of 100ml, 300ml, and 600ml from the respective pulsing frequencies,
then replacing the volume removed with fresh f/2 media. Each frequency regime was replicated
thrice. Inoculation with the Aegean seawater was consistent with the above pulsing regime. In the
cultures receiving a daily pulse, 100ml of f/2 media was added to 900ml of the sea water inoculum,
in the ones receiving a pulse every 3™ day, 300ml of f/2 media was added to 700ml of the sea water
inoculum, and in the ones receiving a pulse every 6" day, 600ml of f/2 media was added to 400ml of
the sea water inoculum. Therefore, although species composition was identical, initial species

abundances were different among the three pulsing frequencies.

Cultures were kept in a climate-controlled chamber where temperature was held constant at 20°C
and photoperiod at a 12-h light:dark cycle. Cool white fluorescent bulbs were used as the light
source and irradiance was 200umol/m?/s. This value was in the range of typical light saturated
photosynthesis rates for phytoplankton (Kirk, 1994). Sufficient mixing was ensured by constant and

gentle stirring using magnetic stirrers.

Cultures were allowed to self-organize and reach steady-state under these stable conditions and
pulsed frequency regimes. It was assumed that steady-state was reached when the species
composition and relative abundances were constant in each of the nine culturing vessels for a period

not less than 15 days.

Every 6 days, S5ml of the culture was fixed with Lugol’s iodine solution for microscopic analysis.
Cell counting was performed using inverted light microscopy (Motic AE31, 400X) according to the
Utermo6hl method (Utermohl, 1958). Measurements of individual dimensions were used to calculate

cell biovolume by approximation to simple geometric shapes according to Hillebrand et al. (1999).
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Simulated assemblages

To investigate the underlying mechanisms and species traits driving composition and structure in
each assemblage, a well known resource-competition model for phytoplankton growth (Tilman,
1982) was adapted to reflect the conditions applied in the experimental assemblages. This model

describes the cell density dynamics of 100 phytoplankton species (V;) competing for two nutrients

(R)).

dN; X R - XR
i =Ni min :umaxl 1’.Umaxl 2 —m ,i =1 —100
dt Kii+R, K; +R,

n
dRi Umax; X Rl HUmax; X RZ
=D(;~R) = ) g xmi L e 2 = 1,2
at =~ P~ R) L, mm( Ki+R = Ky+k, )0 "
=

Ni denotes the abundance of species i, and R;the concentration of resource j; Upmqy,; 1 the maximum

specific growth rate of species 1 and Kj; is the half-saturation constant for resource j of species 1, as
expressed in the Monod model of growth; m; is the specific mortality rate of species i; D is the
dilution rate; S; is the supply concentration of resource j; and c;; is the cell quota of resource j in

species i.

Model parameterization

The two most important nutrients for phytoplankton growth —nitrogen and phosphorus-- were used
as potential limiting resources in the model. Surface water of W. Mediterranean Sea are primarily
limited by nitrogen and secondarily by phosphorus (Moore et al., 2013) whereas recent evidence
from E. Mediterranean coastal waters suggests alternating cycles of nitrogen and phosphorus
limitation within the course of a year (Tamvakis et al., 2012). The concentrations of nitrate and
phosphate in the pulsed inflow were set as identical to the f/2 concentrations in the experimental
pulses (i.e. 36.2 uM for P and 882 uM for N). Once species traits in the initial pool were allocated,
the populations of 100 species self-organized (Roelke and Eldridge, 2008) according to the
aforementioned equations under the three nutrient pulsing frequencies applied in the experiment (1-,
3-, 6-day). The self-organization process, that lasted 3000 simulated days, was repeated 100 times,
thus producing 100 replicated assemblages. As in the experiments, specific mortality rate was set

equal to dilution rate (D=0.1d"").
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Assemblages were generated using a numerical approach that involved simulations from an initial
pool of 100 species, approximately equal to the number of species observed in the seawater
inoculum. The physiological traits defining the dynamics of the 100 phytoplankton species were the
intracellular resource content c, the resource-specific half saturation constant Ks, the minimum
resource requirement of a species at steady-state R* and the maximum specific growth rate pmax.
Parameterization of these traits was based on information on realistic ranges and trade-offs from
species present in the experimental assemblages (Papanikolopoulou unpublished data) and literature
sources (Reynolds, 2006). More specifically, c-P was in the range of 0.004-0.055 (10 pmole P cell
1) and c-N was in the range of 0.055-0.244 (10® umole N cell!), Kp was in the range of 0.02-0.2 uM
and Kn was in the range of 0.2-2 uM.

A tradeoff was considered between the competitive ability of species for N and for P, that is the R*-
N and R*-P for the 100 species. Furthermore, we considered a complementary use of resources that
should lead to their greater usage by the species and, as a consequence, to supersaturated
assemblages. This was achieved by applying a shape function that “bent downward” the line that
described the distribution of R*s in the resource trade-off space. The shape function used for
creating complementarity within an assemblage followed the form y=a/x, where a was a coefficient
that defined the shape of the curve for the region defined over the intervals x[0,1] and y[0,1]. In the
present study a was set at 0.49. This tradeoff has also been observed in experimental works for Si

and N and Si and P (Huisman and Weissing, 2001).

Secondly, we considered that each species consumes more of the nutrient that limits its growth
(Tilman, 1982; Huisman and Weissing, 2001) which implies a proportional relationship between the
half-saturation constant for growth (Ks) and c¢. We additionally considered variable pimax in our
model, which has been often maintained unrealistically constant in previous population dynamics
models (e.g. see comment in Schippers et al., 2001). This parameter can be particularly important
for species survival in systems with periodic hydraulic flushing such as the one employed in the
present experimental design. Two out of the three scenarios developed in the present study assume
different relationships of pumax With the resource-specific half saturation constant Ks or the minimum

resource requirement R*.

To identify the conditions under which the simulated phytoplankton assemblages best reproduce the
structure and composition of the experimental assemblages, two sets of scenarios were explored: (a)

three scenarios that assume different relationships among species’ traits in the initial species pool,
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and (b) 12 scenarios related to the initial relative abundances of species and stochastic extinctions.

These are described in detail below.

Scenarios of trait relationships in the initial species pool
15! scenario: pmax is constant across all species and equal to 1 d!. This is a baseline scenario that
enables the investigation of competitive abilities of species for nutrients, not influenced by

competition related to growth rate.

2"scenario: There is a three way trade-off between R*- P, R*-N and pmax (ranging between 0.36-
1.64 d"). That is, species with a lower R*-P, not only have a higher R*-N but are also growing
slower. Accordingly, species with a lower R*-N have a higher R*-P and a low pmax. Species that are
in the middle of the resource trade-off space and don’t present a competitive advantage either for N
or for P, in order to persist in an assemblage they should have some other competitive advantage by
growing faster than the rest (i.e. higher pmax). Therefore, in a species-rich assemblage, each species
is never competitively superior regarding more than one trait. A similar three way trade-off was
described for the competitive ability for P, and N and the size of phytoplankton species (Edwards et
al.,, 2011), whereas numerous studies have shown the relationship between size and maximum
growth rate of phytoplankton species (e.g. Sarthou et al., 2005; Litchman et al., 2007). Trade-off
between R*-P and pmax has also been shown in Segura et al. (2013). This scenario enables the
investigation of the importance of growth rate, detached from the competitive ability of species in

acquiring nutrients.

3" scenario: pairwise combinations of competitive abilities. Each species is superior for two
competitive abilities: (a) Species that are good competitors for both nutrients but slow growers, (b)
Species that are good competitors for P but not for N and are fast growers, (c¢) Species that are good
competitors for N but not for P and are fast growers. For example, at high pulsing frequencies, if the
system is phosphorus limited we expect species that are both good competitors for P and fast
growers to dominate. This could be supported from preliminary measurements of traits of species
that were the most abundant in our experimental self-organized assemblages. For example, one of
the dominant species (Nitzschia sp.) was the best competitor for P (but not for N) as well as one of
the most fast growing species (Papanikolopoulou unpublished data) indicating that this scenario
may be plausible in natural assemblages. Accordingly, relationships were established between pimax
(ranged between 0.36-1.64 d!), K, and Kp (instead of R*). When pmax is constant (1% scenario)

relationships between R*-N and R*-P directly reflect relationships between Ky and Kp. However,
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when considering more complicated relationships, Ks and R* cannot be used interchangeably. While
R* is a trait that summarizes the competitive ability of a species at a given resource supply (Tilman,

1990), Ks and pmax are the traits that characterize species.

Scenarios of species’ abundances and stochastic extinctions

After allocating the species’ traits in the initial pool, different scenarios were applied regarding the
initial relative abundances of the 100 species. Initial abundances were either equal among species or
they differed up to 4 orders of magnitude. The latter scenario was based on experimental data, where
species present at day 0 ranged from very abundant to undetectable. For each of these two scenarios
we applied 5 more scenarios of stochastic extinctions of either 1, 2, 3 or 10 species or of the

dominant species, at an early day of self-organization.

Data analysis

For consistency, results from both experimental and simulated assemblages were manipulated with
the same data analysis methods, when the system reached steady-state. Assemblage structure was
expressed as species richness and evenness index J (Pielou, 1975). To define the role of nutrients the
ambient concentrations of NO3 and PO4 were presented and traits of the surviving species of the
model simulations, pmax and R*, were examined. To quantify similarity of assemblage compositions
within each pulsing frequency at steady-state (the three of the experiment and the 100 of the
simulations) the Bray-Curtis similarity index was applied on log-transformed data. To be able to
compare this similarity between the different pulsing frequencies we used as replicates the different

days the system was at steady-state.

RESULTS

The simulated assemblages best describing the experimental data were those that self-organized
following scenario3 of pairwise competitive abilities (from now on referred to as the model). This
was consistent for all measured assemblage attributes (richness, evenness, and similarity among
replicates) and nutrient limitations (Fig.1). Regarding the scenarios of differences in initial species’
relative abundances and stochastic extinctions, a large differentiation among initial abundances
produced more diversification among replicates compared to stochastic extinctions. In most cases,
when a species went extinct, either a species already present increased in biomass or an emerging
species with similar traits filled its place. The influence of stochastic extinctions was higher when

they were considered together with variable initial abundances, especially in the case where the most
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abundant species was removed from the assemblage. Since stochastic extinctions scenarios did not
present any variability, reflecting that observed in the experimental assemblages, only results

regarding the variability in species’ initial relative abundances are presented.
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Figurel. Species richness (a), evenness (b), Bray-Curtis similarity(c), and ambient phosphate
concentration (uM) (d) for the experiment (exp) and the tree scenarios, when species initial relative
abundances vary - sl (scenariol), s2 (scenario2), s3 (scenario3), 1d, 3d, 6d the pulsing frequencies
of 1,3,6 days. Error bars are standard errors. As replicates in order to perform the comparisons in (c)

the different days of steady-state were used. Notice the different scale for s2 and s3 in (d).

Assemblages that self-organized under the low frequency pulse (6d) presented the highest species
richness at steady-state, whereas evenness was highest at the most frequent pulse both in
experimental results and in the model (Fig.1a, b). It is worth noting that more time was needed to
reach steady-state in the model than in the experiment (Fig.2). Replicates that self-organized under
the same nutrient pulsing frequency were more similar in the model than in the experiments.
However, similarity among replicates was significantly higher in the 1d pulsing frequency in both

model (ANOVA, p-value<0.01) and experiment (ANOVA, p-value<0.01) (Fig.1c).
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Figure2. Species richness and evenness during the time course of self-organization in both

experimental and simulated assemblages. Error bars are standard errors. Notice the different scales.

The model provides extra insights on the species’ life history traits present at each pulsing frequency
(Fig.3, Fig.4). The traits that seem to drive assemblage composition under these experimental
conditions are the R*-P and the maximum growth rate of a species. Surviving species in the
scenarios with variable pmax (s2, s3) tend to have high growth rates, whereas in the 1% scenario where
Limax iS constant and equal to 1d! for all species, the species that survive have the lower R*-P (Fig.3).
In the scenario of pairwise comparisons, all the species that survived the self-organization were fast
growers. Moreover at steady-state, the species present in the frequent pulse (1d) were those that had
a low R*-P and Kp, whereas at lower frequency pulses (6d), some species with a lower R*-N and Kn
also emerged. Therefore, the lower frequency (6d) pulse not only presents higher species richness
but also higher functional diversity. This was also observed in the experimental assemblages, where
in assemblages of the 6d pulsing frequency three functional groups where present (diatoms, green
algae and cryptophyceae) whereas in assemblages from the 1d pulsing frequency only diatoms
survived. In this scenario, R*-P tended to increase with increasing pulsing frequency (due to the

appearance of species at the other end of the resource trade-off curve, Fig. 4), however this change
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was not significant. In the three way trade-off scenario, R*-P was never very low, since the species

with the higher pmax had intermediate R* values for the two nutrients.
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Figure3. Summary of the four scenarios for varied initial abundances for the two life history traits
that drive assemblage composition (R* P — R* for phosphorus, and pmax — maximum growth rate),
Initial species pool: mean and LSD intervals for the traits of 100 species in the initial species pool,
1d, 3d, 6d: mean and LSD intervals for the traits of the surviving species at steady-state for the 1,3,6

days nutrient pulsing frequencies.

Regarding nutrient limitation, self-organized assemblages in both simulated and experimental
conditions were P-limited. Furthermore, the intermediate pulsing frequency (3d) yielded the lower
phosphate ambient concentration. Phosphate concentrations were lower in the model than the actual
concentrations measured in the experiment (Fig.1d). Nitrogen was never limiting for species growth,
this result being more pronounced in the model, with nitrate concentrations being 10 times greater

(500-540 pM-NOs3) than in the experiment (10-50 uM-NO3).
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replicates in which a species that is a better competitor for N was present.

DISCUSSION

The different assumptions on the relationships between species life history traits provided important
insights on the way phytoplankton assemble. When considering only the ability of a species to
acquire nutrients (1% scenario), surviving species had low needs for phosphorus (low R*-P).
Furthermore, evidence from the model and the experiment showed that the system was P limited.
This suggests a stronger P limitation in E. Mediterranean, from where species were collected, in
agreement with previous observations (Krom et al., 1991). As species are adapted to P limitation in
their natural environment and thus in our initial species pool, this increases the probability to have

strong competitors for P at the end of the self-organization process.
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However, when considering variable growth rates among species, unrelated to nutrient requirements
(2" scenario), the importance of fast growth under pulsed inflows emerges. Surviving species had
higher than average growth rates (Fig. 3), whereas their needs for nutrients were intermediate. When
further assuming a relationship between growth and nutrient requirements (3™ scenario), model
results became more representative of the observed experimental assemblages. Surviving species’
traits under this assumption were both fast growers and strong competitors for P. High frequency
pulses are expected to favor fast growing species (Reynolds, 1993), however recent modeling
studies have shown the importance of high growth rates under low (>20 days) frequency pulses due
to longer periods of phosphorus saturation (Edwards et al., 2013). Our results agree with Reynolds
(1993) however we never tested the assemblage attributes under pulsing frequencies as low as those

considered in Edwards et al. (2013).

According to resource competition theory, the number of coexisting species cannot exceed the
number of limiting resources (Tilman, 1982). However, more species are able to coexist under a
variable nutrient supply regime (Tilman, 1982; Sommer, 1989). This variability can result from
different pulsing inflows, often referred to as disturbances (Sommer et al., 1993). These can have a
stronger positive effect on species richness when the frequency that they occur allows an interval (at
least 3 days) greater than one generation time (i.e. pulsing inflows of lower frequency) and when
both limiting nutrients are imported simultaneously (Gaedeke and Sommer, 1986; Sommer, 1989).
This is in agreement with our results, where higher species richness was observed at the lowest

pulsing frequency (6d interval between pulses), in both experiment and model.

Lower pulsing frequencies (3d and 6d) also resulted in a higher functional diversity according to
both our experimental and model findings. More functional groups emerged in the experimental
assemblages, from only one in the most frequent pulse to three in the least frequent, while two were
present in a replicate of the intermediate pulsing frequency. In the model results this is depicted in
the resource trade-off curve, since species with different life history traits emerged at the other end
of it. This is likely due to the greater variability in resource concentrations between inflow intervals
at those pulsing frequencies. These pulsing frequencies are low enough to prevent species
extinctions due to hydraulic flushing but high enough to prevent successful competitors from
dominating the assemblage and competitively excluding other species (Connell, 1978). Therefore
species with different life history (functional) traits are able to coexist. On the other hand, at very
high (or very low) frequencies only a few specialists are able to survive (Reynolds, 1993). This

could explain the higher similarity between the replicates in the daily pulsing frequency. When
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fewer possibilities of potentially surviving species are available (specialists are by definition fewer
than generalists), the steady-state assemblages would consist of more common between them

species.

Even though the model described the trends observed at steady-state, it failed to do so in some
occasions. Considering the time of self-organization, simulated assemblages needed more time to
reach steady-state than the experimental assemblages. This discrepancy could be related to the initial
species abundances or the actual number of species. Even though a total of 100 species were
observed during self-organization, not all of them were detected in the initial inoculum, but became
abundant during self-organization. This could imply that the initial inoculums could consist of more
species which could alter the consumption of nutrients in the experiments compared to the model
simulation, resulting in a different time-scale. Discrepancies were also observed at steady-state.
Concerning nutrients, phosphate in the model was depleted by nearly a 10-fold compared to
cultures, possibly because the species surviving the simulated self-organization were better
competitors for phosphorus than the species actually present in the cultures. On the other hand, NO;
in the cultures was more depleted than in the model simulations, possibly due to its consumption by
bacteria present in the cultures, strongly competing phytoplankton (Kirchman, 2000). Furthermore,
similarity between replicates was greater in the model simulations than in experimental
assemblages, possibly due to the greater number of stochastic processes in the lab experiment over

the well - specified conditions in the model.

In aquatic coastal ecosystems, phytoplankton assemblage structure is mainly driven by species life
history traits, responsible for species adaptation to given environmental conditions. The present
findings seem to suggest that under fragmentation, differential environmental conditions in each
patch, represented by a gradient of pulsed nutrient inflows, provides substantial heterogeneity for
functionally dissimilar species to emerge. Under the anticipated effects of climate change, where
water levels are expected to vary, patches are expected to become either more isolated or connected,
forming metacommunities. Connectivity could also have important implications on diversity and
ecosystem function (e.g. productivity). However, species in the isolated patches and their life history
traits, together with the degree of connectivity, could have a major influence in metacommunity’s

attributes.
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SPATIAL AVERAGING COMPENSATES FOR SPECIES LOSS IN MAINTAINING
PRODUCTIVITY AT HIGH ECOSYSTEM CONNECTIVITY (PAPER 3)

ABSTRACT

Dispersal in heterogeneous ecosystems, such as coastal aquatic environments, is a major force
influencing the structure and productivity of metacommunities. According to theory, productivity is
influenced by both species richness and spatial averaging - homogenization towards the average
conditions by the species best adapted to them -, resulting in a unimodal relationship with dispersal.
We experimentally tested the effect of spatial averaging on the productivity of phytoplankton
metacommunities along a dispersal continuum. Our experiments involved natural assemblages that
self-organized in isolation under conditions that comprised three inflow pulsing frequencies, where
hydraulic displacement and nutrient loading influenced assemblage self-organization. After steady-
states emerged in these isolated assemblages, they were connected through three levels of dispersal,
thus forming three metacommunities of differing connectivity. As dispersal increased, species
richness in the metacommunity declined whereas productivity remained high. This latter
observation is in contrast to theory, which suggests a respective decrease in productivity. This
indicates that at high ecosystem connectivity, the effect of spatial averaging can mask the effect of
decreased species richness, thereby maintaining high metacommunity productivity. Our findings are
particularly relevant to coastal aquatic environments where patches can be isolated and then
connected, being affected by metacommunity dynamics. We emphasize the importance of spatial
averaging in maintaining high productivity despite the species loss observed at high ecosystem
connectivity. We believe that our observation on the dominance of a highly productive species best
adapted to the intermediate environmental conditions is not species specific. It can be applicable to
generalist species that tend to inhabit and better exploit heterogeneous environments. Our results can
influence management practices since they highlight the pivotal role of dispersal in the functioning

of aquatic ecosystems.

Keywords: dispersal, dynamics, coastal aquatic ecosystems, metacommunity, phytoplankton, self-

organization, steady-state assemblages
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INTRODUCTION

In constantly changing landscapes where local patches are connected and disconnected repeatedly,
dispersal of organisms often plays a prominent role in driving ecosystem functions like productivity.
Habitats such as estuarine lakes, interconnected lagoons, and salt ponds are typical examples of such
spatially heterogeneous systems. Some of these coastal aquatic environments are known to host a
high number of species and to contribute significantly to global productivity, partially due to the
environmental heterogeneity found therein (Field et al., 1998). Mechanisms maintaining diversity
and productivity in these systems are paramount when considering management strategies aimed at
preserving ecosystem health (Mouillot, 2007). To-date the relationship of dispersal with productivity
has been addressed using modeling approaches (Loreau et al., 2003; Filotas et al., 2010), however
experimental evidence to support these findings is scarce (but see Venail et al., 2008; 2010; Gravel

etal., 2011).

According to theory, dispersal has a non-monotonic effect on productivity, with maxima at
intermediate dispersal rates (Loreau et al., 2003). To elucidate mechanisms underlying this
relationship, Loreau et al. (2003) employed a generalized model on consumer-resource dynamics
using a gradient of environmental conditions. They suggested that productivity increases up to an
intermediate level of dispersal, being influenced by a respective increase in species richness. At even
higher levels of dispersal, however, productivity declines due to the decline of species richness.
However, productivity at high rates of dispersal is never as low as in the low dispersal condition
because a second mechanism, i.e. spatial averaging, becomes more prominent at high dispersal rates,
moderating decreases in productivity due to species loss. Spatial averaging takes place when a
metacommunity is homogenized to the point that it resembles an assemblage composition comprised
of species most fit to the average condition. These two mechanisms form the basis of the spatial
insurance hypothesis that addresses the role of dispersal as a diversity-sustaining mechanism that
increases stability of ecosystem functions (Gonzalez et al., 2009). Previous experimental studies
have focused on species richness as a mechanism driving the productivity-dispersal relationship
(Matthiessen and Hillebrand, 2006; Venail et al., 2008; 2010), whereas the role of spatial averaging

has not been addressed.

The importance of spatial averaging may be particularly relevant in metacommunities characterized
by environmental heterogeneity. Estuarine lakes, systems of interconnected lagoons, salt ponds,

marshes and rock pools are typical examples of systems characterized by environmental
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heterogeneity, especially in regards to nutrients and salinity. Considering nutrients, the magnitude
and mode of supply associated with inflows to coastal aquatic environments is known to affect
diversity and biomass of primary producers (e.g. phytoplankton) (Roelke, 2000; Buyukates and
Roelke, 2005). Moreover, pulsed inflows can be regarded as external disturbances, causing
population losses through hydraulic displacement and growth stimulation associated with nutrient
loading (Roelke and Eldridge, 2008), thereby presenting a complex relationship with species
richness. Greater species richness is promoted at intermediate inflow pulsing frequencies, following
the intermediate disturbance hypothesis (Reynolds, 1993; Padisak, 1993; Sommer, 1995).
Differential inflow pulses in a heterogeneous environment can thus lead to varied localized

conditions and distinct assemblage compositions.

The aim of this study was to assess the role of spatial averaging and species richness on productivity
in metacommunities of varied dispersal rates. Towards this end, we incubated a naturally occurring
phytoplankton assemblage over a range of inflow pulsing frequencies that resembled different
environmental conditions in regards to hydraulic displacement and nutrient loading. Under these
varied inflow conditions, processes of self-organization led to distinct phytoplankton assemblages
optimized to the various pulsed inflow frequencies. The composition of these assemblages was
comprised of species commonly observed in waters of the Aegean Sea, suggesting that no invasive
species were a part of the initial condition. After these distinct assemblages emerged through self-
organization, we connected them at varied dispersal rates, thereby creating metacommunities of
varied connectivity. To elucidate underlying mechanisms of observed relationships, population
dynamics in each local assemblage were investigated. We hypothesized that high dispersal,
representing high ecosystem connectivity, would lead to decreased species richness and thus lower
productivity. Under these conditions, we expected that species adapted to intermediate
environmental conditions within the heterogeneous system (i.e. intermediate inflow pulsing

frequency) would dominate the metacommunity.

METHODS

Laboratory research employing naturally occurring phytoplankton was carried out in two sequential
stages. The first stage involved culturing freshly collected water from the Aegean Sea under
different culture conditions that involved three levels of pulsed media inflow and hydraulic
displacement. The natural assemblages were maintained under these pulsing conditions until

steady-state emerged. These self-organized assemblages, now referred to as isolated local
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assemblages, were then used in the second stage of the research, where they were connected through
culture exchanges of differing volume, thereby creating metacommunities. The volume of culture
exchanged was directly related to dispersal rate, since our target organisms were phytoplankton in

well-mixed experimental units.

In the experiments described below, dispersal involved an exchange of equivalent culture volumes
between vessels. Dispersal did not involve removing any biomass or nutrients from the
metacommunity. Hydraulic displacement, on the other hand, did involve removing biomass and
nutrients from the metacommunity, and replacing the displaced volume with fresh, cell-free media.
So, culture vessels described below as isolated patches only experienced hydraulic displacements
(flushing events), and culture vessels that were a part of metacommunities experienced flushing
events and dispersal events. Flushing events were continued throughout the second stage of research
in both the isolated cultures and the connected local assemblages to ensure that changes in species
composition and productivity that might occur during the second stage of research were attributed to

dispersal and not altered flushing events of the local patches.

Our response variables for these experiments included accumulated biomasses at steady-state.
When at steady state, productivity (biomass per time) is the biomass multiplied by the flushing rate,
where the flushing rate is equal to the rate of hydraulic displacement (volume per time) divided by
the volume of the experimental unit, so final units of flushing are ‘per time’. Because all of our
experimental units experienced the same hydraulic flushing over the period of the experiment, trends
observed in accumulated biomass were analogous to trends in productivity. Consequently, in the

present study we analyze accumulated biomass at steady-state as a surrogate for productivity.

Self-organization - formation of isolated local assemblages

Surface water from the Aegean Sea was collected into 10L Nalgene carboys and transferred to the
laboratory shortly after. Upon arrival, a portion of the water was filtered through 47mm Whatman
GF/F glass fiber filters, and used for the preparation of f/2 media (Guillard and Ryther, 1962). Water
to be used as inoculum for cultures was pre-filtered through a 100um mesh-size plankton net to
avoid bias from mesozooplankton (Katechakis et al., 2002). Experiments were initiated

approximately 10h after water collection.

Cultures were kept in a climate-controlled chamber where temperature was held constant at 20°C

and photoperiod at a 12-h light:dark cycle. Cool white fluorescent bulbs were used as the light
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source and irradiance was 200umol/m?/s. This value was in the range of typical light saturated
photosynthesis rates of phytoplankton (Kirk, 1994). Cultures were kept well mixed with constant

and gentle stirring using magnetic stirrers.

The experiment was conducted using semi-continuous cultures in 1L vessels. Three culturing
conditions were created where fresh media was pulsed into the cultures at different frequencies
(once every day, once every 3 days, and once every 6 days). The volume displacement and
magnitude of nutrient loading over time was the same for all culturing conditions. This was achieved
by removing a culture volume of 100ml every day, 300ml every 3™ day, and 600ml every 6"day
from the respective culture conditions, then replacing the volume removed with fresh f/2 media.
These different pulsing frequencies were employed to reflect the different environmental conditions
driving local community structure. Each culture condition was replicated thrice, thus nine 1L vessels

were used in the first stage of the research.

Cultures were allowed to self-organize and reach steady-state under these pulsed frequency
conditions, i.e. the species composition and relative abundances were constant in each of the nine
culturing vessels for a period not less than 15 days. At the end of the self-organization period for
stage one of the research, which lasted 3 months, one culture vessel from each of the three flushing

treatments was randomly selected for use in the second stage of the research.

Dispersal — formation of metacommunities

For the initiation of the second stage of the research, aliquots from the three vessels selected from
the first stage of the research were distributed into additional 1L vessels. This occurred during a day
of a scheduled pulsed flushing event, so that the disturbance to the isolated cultures would be
minimized. Because our goal was to replicate each metacommunity thrice, where each
metacommunity was comprised of three vessels (three patches), twenty-seven 1L vessels were used
(Fig.1). Patches of the metacommunities designed to receive pulsed flushing of 1-, 3- and 6-day
frequency were initiated with assemblages that reached steady state under those same conditions,
1.e., 1-, 3- and 6-day frequency. For initiation of the 27 vessels, 100 ml of culture from the first stage
of the research was transferred, and the volume raised to 1L using fresh f/2 media. The three vessels
from the first experiment that were selected to initiate the second stage of research were maintained
with continued hydraulic displacements, but no dispersal, and used as controls for the second stage
of the research. To ensure replication for the isolated assemblages, additional 6 vessels (2 per

treatment) were formed as above to be used together with the three vessels from the first experiment
65



as controls (Fig.1). All the above vessels were allowed to reach the known steady-state before

initiating dispersal.

Using the twenty-seven vessels with transferred culture, three metacommunities were contrived
(each replicated thrice, see Fig.1) where dispersal rate was controlled among the three local
assemblages. Rates of dispersal were of low (0.02d"), intermediate (0.1d") and high (0.2d™")
magnitude. Because the 1L vessels were well mixed, dispersal was directly proportional to the
volume of water exchanged between vessels. For example, at the 0.2 d! dispersal rate, 200 ml were
removed from one vessel, split into 100 ml aliquots with each aliquot being added to the other
vessels. This procedure was performed simultaneously between the three local assemblages of each
metacommunity. Thus, at the 0.2 d! dispersal rate each local assemblage lost 200 ml from its

assemblage and gained 100 ml from each of the other two local assemblages.

Isolated assemblages Metacommunities

e fe0 000 PEP PO

MR DE0 000 DO (OOE

R D00 000 HHE BHLHE
L

Controls dr=0.02d" dr=0.1d"* dr=0.2d"*
x 3 replicates

Figurel. Experimental design of metacommunities with differing connectivity. Metacommunities
were formed by connecting previously isolated patches where phytoplankton assemblages were
allowed to self-organize at three levels of inflow pulsing frequency. The metacommunities differed

in their connectivity based on the dispersal rate.

The dispersal rates selected were based on theoretical and experimental studies showing that
variation in productivity and species richness usually occurred within this dispersal range (Mouquet

and Loreau, 2003; Loreau et al., 2003; Filotas et al., 2010; Howeth and Leibold, 2010). We could
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not use species traits to define dispersal rates, since our experimental design represents a natural
system where exchanges between water masses occur over horizontal distances. For instance, while
phytoplankton have varied life-history traits that enable locomotion for some taxa and adjustment of
their buoyancy for others, the benefits of locomotion and buoyancy regulation are most realized
when considering water-column optimization, that is, species positioning themselves to best take
advantage of irradiance and nutrient vertical profiles. Locomotion and buoyancy regulation provide
little benefit to phytoplankton when considering horizontal migration, which is associated with

water circulation and exchange between adjacent water masses.

Each dispersal experiment lasted 30 days, enough time for local assemblages to reach a new steady-
state. To follow species dynamics in the metacommunities and to monitor steady-states in the
isolated assemblages, time series sampling was conducted. Every 3 days, Sml of culture were
removed from vessels and fixed with Lugol’s iodine solution for microscopic analysis. For the
patches receiving 1- and 3-day pulsed flushing events, this coincided with a scheduled hydraulic
displacement. For the patches receiving 6d pulsing frequency, the Sml of culture removed on days
between the scheduled 6d pulsed flushing event were not replaced with fresh media until the next
scheduled pulse. In the isolated assemblages culture samples for analysis were removed every 6
days, since those assemblages were at steady-state and their populations remained invariable with

time.

Cell counting was performed using inverted light microscopy (Motic AE31, 400X) (Utermohl,
1958). Cell biovolumes, a common measure of algal biomass, were estimated by measuring cellular
dimensions corresponding to representative geometrical shapes (Hillebrand et al., 1999). In addition,
intracellular carbon was approximated using taxon-specific equations that converted cellular volume
to carbon mass (Menden-Deuer and Lessard, 2000). Phosphate and nitrate concentrations were
measured according to Parsons et al. (1984) in the control cultures and in each local assemblage at
the end of the dispersal experiments (after 30 days).

The Berger-Parker dominance index (BP) was calculated along with species richness as a measure
of assemblage structure. The unimodal relationship between dispersal and species richness or
productivity at local scale was statistically evaluated according to Cusens et al. (2012). Analysis of
variance (one-way ANOVA) was used to reveal differences in accumulated biomass and nutrient
concentrations among the different dispersal treatments, between isolated cultures and between

isolated and connected assemblages. Since nutrient concentrations and species biovolumes between
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dispersal levels, were not significantly different, they were aggregated (n=9) in this analysis.

Statistical analysis was performed in R (package v.2.15.1; R Development Core Team 2012).

RESULTS

The self-organized phytoplankton assemblages used in the initial condition of the metacommunity
experiments differed in species composition, assemblage structure, biomass, and nutrient
concentrations (Fig.2d,e). The selected culture receiving daily pulses while in isolation had a
relatively even assemblage (BP=0.53) that consisted of three diatoms, Navicula sp., Cyclotella sp.
and an unidentified species (Fig.4a). On the other hand, the selected cultures receiving pulses every
3" and 6™ day while in isolation were more speciose and characterized by high dominance
(BP>0.93) of Nitzschia sp. and Nannochloris sp. respectively (Fig.4b,c, Fig.2a-c). The three selected
assemblages from stage one of the research were highly differentiated from the original assemblage

from the Aegean Sea with respect to species richness and the identity of dominant species.
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Figure2. Total biovolume (mm?*/L) (a) and the biovolume of the two most dominant species, namely
Nitzschia sp. (b) and Nannochlorissp. (c), along with the change in nutrient concentrations in the
isolated patches (left-Controls, n=3) and at the end of dispersal experiments (right-Day 30, n=9). 1d:
every day nutrient pulsing frequency, 3d: every 3 days nutrient pulsing frequency, 6d: every 6 days

nutrient pulsing frequency.

In the metacommunity with low dispersal, local species richness (i.e. species richness inside each
culture vessel) was higher at the end of the dispersal experiment compared to the culture vessels
maintained in isolation. In addition, regional richness (the combined richness of the three culture
vessels connected through dispersal, i.e., the metacommunity) remained high (Fig.3a). In the
metacommunities with intermediate and high dispersal between culture vessels, richness decreased
at both local and regional scales. This resulted in a unimodal relationship between local richness and
dispersal (Fig.3a), according to the significant quadratic term of the ordinary least squares regression
analysis (p-value<0.01) and the locally weighted sums of squares (LOWESS) plot (not presented).
Productivity was higher at the end of the experiment at all dispersal levels compared to isolated
cultures but no differences were observed between levels of dispersal (Fig.3b). The quadratic term
was not significant (p-value>0.05), revealing a positive linear relationship at both local and

metacommunity level.

- - —-local assemblages = ——metacommunities
10 r
)
)
O
C
c
0
[}
.0
)
)
o
w
0
120
J
™
S
E
)
S
=
S
L i U 5|
[a0] E ______ } 3
0 w ! ‘
0 0.02 0.1 0.2

Dispersalrate (d")

69



Figure3. Species richness (a) and productivity presented as biovolume (mm?/L) (b) as a function of
dispersal rate. Error bars in local assemblages present standard errors of the means of the three local
assemblages connected through dispersal. Error bars in the metacommunities are standard errors of

the three replicate metacommunities.

As mentioned above, the diatom Nitzschia sp. was best adapted in the isolated culture vessels of
intermediate pulsing frequency (i.e. pulses every 3™ day) (Fig.4b). While Nitzschia sp. was present
in the initial species pool, it went extinct during the process of self-organization in the isolated
culture vessels receiving daily pulses (Fig.4a), and it was very rare in the isolated culture vessels
receiving pulses every 6 day (Fig.4c). With dispersal, Nitzschia sp. remained dominant in the local
assemblages receiving pulses at an intermediate frequency. In addition, with dispersal it became
dominant in the local assemblages of low- and high-pulsing frequency, environmental conditions
that did not favor its growth in the isolated culture vessels. The biomasses of species that were best
adapted at low- and high-pulsing frequency when isolated were drastically reduced when connected
in a metacommunity (Fig.4d,g,j and Fig.4fil). This is clearly seen in the displacement of
Nannochloris sp. in the local assemblages receiving pulses every 6" day (Fig.4f,i,1). The takeover of
Nitzschia sp. occurred at all dispersal levels and happened quicker as dispersal rate increased. When

cellular biovolumes were converted to taxon-specific carbon equivalents, results were identical (not

shown).
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Figure4. Phytoplankton population dynamics in each isolated patch with patches differing in inflow
pulsing frequency (a-c), and the three metacommunities with connected patches still having different
inflow pulsing frequency (shown vertically in figure panels) but connected using a gradient of
dispersal rates (shown horizontally in figure panels).

nitz: Nitzschia sp., nan: Nannochloris sp., cycl: Cyclotella sp., nav: Navicula sp., diat: diatom, crypt:
cryptophyceae, extub: Extubocellulus sp., clost: Cylindrotheca closterium, thal: Thalassiosira sp.

Species with low biovolume range from 0.01 to 1.5 mm?®/L.

Nutrient concentrations varied among isolated culture vessels according to the nutrient pulsing
frequency they received, as well as between the isolated culture vessels and the connected local
assemblages. In the isolated culture vessels, phosphate concentration was the lowest at the
intermediate pulsing frequency (pulses every 3™ day), where Nitzschia sp. dominated the
assemblage (ANOVA, p-value <0.01). After 30 days of dispersal, phosphate levels in all patches of
the metacommunity dropped to the same level as the isolated culture vessel receiving pulsed
flushing of intermediate frequency (ANOVA, p-value >0.05). This decrease in phosphate
concentration in the patches of the metacommunities corresponded to the biomass increases of
Nitzschia sp. in these culture vessels, which suggests that the Nitzschia sp. was the most competitive
of all species observed for phosphate (Fig.2). Nitrate concentration in the isolated culture vessels
was also lower at the intermediate pulsing frequency. However, the difference was not statistically
significant (ANOVA, p-value >0.5). With dispersal, all culture vessels presented the same nitrate

concentration regardless of pulsing frequency (Fig.2e).

DISCUSSION

The importance of inflow pulsing frequencies in shaping phytoplankton assemblage composition
and accumulated biomass was demonstrated in experimental and field studies (Roelke et al., 1997;
Roelke et al., 1999; Roelke, 2000; Buyukates and Roelke, 2005; Spatharis et al., 2007; Roelke and
Eldridge, 2008). This is in agreement with the present findings in regards to the assemblages in the
isolated culture vessels. In those, different inflow pulsing frequencies resulted in self-organized
assemblages of varied structure, composition and biomass despite the use of the same initial species
pool. This implies that the dominant species in each pulse has its niche optimum at the given
environmental condition, allowing us to assume niche complementarity following Loreau et al.
(2003). Inflow pulses of intermediate frequency have been shown to present higher species richness

compared to lower and higher frequency inflow pulses (Padisak, 1993; Sommer, 1995). In our study
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the assemblage with the lowest inflow pulsing frequency (once every 6™ day) retained the highest
number of species (7 species), suggesting that this pulsing frequency cannot be regarded as low but

rather as intermediate.

In regards to the metacommunity experiments, our observations of declining metacommunity
richness at high dispersal rates are in agreement to theory (Mouquet and Loreau, 2003; Holyoak et
al., 2005) and previous experimental studies (Cadotte, 2006). At high connectivity, dispersal
homogenizes the environmental conditions in the metacommunity, and competitive exclusion leads
some species to extinction (Leibold and Miller, 2004; Holyoak et al., 2005). This unimodal species
richness-dispersal relationship indicates that important structural changes in aquatic
metacommunities are expected to occur over the range of dispersal rates employed here (0.02-0.2 d°
1). On the other hand, productivity in the interconnected assemblages was higher than the isolated
ones and remained high as dispersal increased. This is in contrast to theory, which predicts a
decrease in productivity at high dispersal rates (Loreau et al., 2003). When considering the two
mechanisms driving the productivity-dispersal relationship (i.e. species richness and spatial
averaging), spatial averaging by the species best adapted to the intermediate inflow pulse conditions
seems to play a more predominant role than the respective decrease in species richness. This
suggests that in natural systems, the ecosystem function of productivity in the metacommunity may

be maintained with increasing dispersal rates, despite the loss of species in the metacommunity.

In our experiments, the role of spatial averaging might have been more pronounced than species loss
because the species that was best adapted to the conditions of intermediate pulsing frequency was
also a highly productive species. This high productivity can be attributed to its likely low
phosphorus requirements (Tilman et al., 1997), as evidenced by the lower phosphate concentrations
observed in the isolated culture vessels where this species dominated. Having a lower phosphorus
requirement would have provided this species a competitive advantage over other species that were
dominant in the isolated culture vessels with daily and 6-day pulsing frequencies (Tilman, 1982). To
further validate this assumption, physiological traits of the species involved need to be measured and

the population dynamics modeled.

During the self-organization process in the isolated culture vessels, the diatom Nitzschia sp. was best
adapted to pulsed flushing of intermediate frequency, as evidenced by this taxa becoming dominant
in those treatments (i.e. the local patches receiving pulses every 3™ day). It went extinct in the

culture vessels receiving pulsed flushing of high frequency (daily pulses) and was very rare in the
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culture vessels receiving pulsed flushing of low frequency (pulses every 6™ day). This probably
occurred because the species was unfit to compete in isolation at the high- and low-pulsed flushing
frequencies. At the onset of dispersal the mass effect mechanism (i.e. the immigration of cells from
the intermediate pulsing frequency patches being more important than the species interactions within
patches) likely supplemented the growth of Nitzschia sp. in patches receiving pulses of high and low
frequency (Amarasekare and Nisbet, 2001; Mouquet and Loreau, 2003; Matthiessen and Hillebrand,
2006) augmenting its populations there. This recurrent immigration of Nitzschia cells seemed to
enable the species to gradually facilitate environmental conditions in the high- and low- pulsing
frequency patches of the metacommunity (i.e. lowering the concentration of phosphate in those
patches below the growth thresholds of competing species), favoring persistence of future
immigrants. This possibly allowed Nitzschia to eventually dominate across the metacommunity.
Although the dominance of Nitzschia was observed at all dispersal rates, the species came to
dominance faster at higher connectivity. This observation is in agreement with Limberger and
Wickham (2012) who argued that effects of connectivity are time-dependent. The biomass increase
of Nitzschia sp. occasionally observed along the self-organization stage is a pattern typically
observed for small-sized Nitzschia spp. due to their heterotrophic behavior (Hellebust and Lewin,
1977). Although this pattern did not affect the final local assemblage composition and biomass, it
might influence the time the species needed to dominate, as also shown for the different dispersal

rates in the present study.

Our findings are directly applicable to heterogeneous environments where patches are recurrently
isolated then connected, such as estuarine lakes, interconnected lagoons, salt ponds and other coastal
aquatic environments. In such systems, local assemblages self-organize according to local
conditions during periods of isolation, and these assemblages are often distinct from other local
assemblages within the metacommunity. Metacommunity dynamics ensue during periods of
connection. Generally, species richness has been regarded as the main driver of ecosystem
productivity (Matthiessen and Hillebrand, 2006; Venail et al., 2010). However, the present study
provides evidence on the importance of spatial averaging in maintaining high productivity at high
ecosystem connectivity. In agreement to generalized theory (Loreau et al., 2003), our observations
showed that spatial averaging did occur and the species best adapted to the intermediate
environmental condition eventually became dominant in the metacommunities. In the assemblages
employed here, this species was also highly productive, resulting in highly productive
metacommunities. This observation may be generalized beyond the specific species, as the highly

temporal and spatially variable conditions in aquatic metacommunities such as estuaries and
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interconnected lagoons, favor generalist species tolerant of a wide range of environmental
conditions (Costanza et al., 1993). Furthermore, experimental studies have demonstrated that
generalist species tend to be more productive, due to their better exploitation of heterogeneous
environments (Gravel et al., 2011). The present findings may have important implications regarding
ecosystem management practices in response to anticipated effects of climate change (i.e. changing
fragmentation and connectivity patterns, see Whitfield and Taylor, 2009), as it highlights the

pivotal role of dispersal in the functioning of aquatic ecosystems.
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