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As we know, there are known knowns.  

There are things we know we know. 

We also know there are known unknowns.  

That is to say, we know there are some things we do not know. 

But there are also unknown unknowns.  

The ones we donôt know we don't know. 

(Donald Rumsfeld)
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DANKWOORD 

ñMoeke, later word ik ecoloog!ò, deze woorden sprak ik als 9-jarig Neleke uit. Mijn moeder 

keek even vreemd op, zag dat ik in mijn honderdste boek van de natuur aan het lezen was en 

antwoordde dan maar ñDat moet je zeker doen!ò. En kijk: 20 jaar later kan ik met heel veel 

trots zeggen dat ik me echt een ecoloog voel, na het indienen van dit boekje! 

Al is het zeker niet altijd zo evident geweest. Natuurlijk wou ik graag iets met biologie doen, 

maar gewoon uit interesse. In werken? Nee hoor! Ik ging na de biologie wel nog iets anders 

gaan studeren, iets waar ik echt wou in gaan werken. Iets met kinderen of jongeren, iets waar 

je creatief in kon zijn, iets waar ik me echt nuttig voelde! Het CLB en mijn medeleerlingen 

in het zesde middelbaar bekrachtigden dit: ñNele, jij moet iets sociaal gaan doen! Pedagogie, 

onderwijs, keuze genoeg!ò. Maar de roep van de wetenschap was te luid en alles viel op zijn 

plaats in 2009 als ik deze job als assistent kon beginnen. 

Want ja, nu kon ik én een wetenschapper worden én lesgeven. Mijn twee passies mooi door 

elkaar geweven. Een betere job kon ik me niet inbeelden. En ook al keken mijn 

medestudenten vreemd als ik zei dat ik onderzoek ging doen op nematoden (ik geloof dat ik 

ooit in mijn tweede bachelor de uitspraak gedaan heb dat nematoden de stomste beesten ooit 

zijn en ik die nooit meer wou zien), ik kon toch eindelijk mijn bijnaam ñNematode Neleò 

(enkel voor de leuke alliteratie, verder geen betekenis) waar maken! 

Mijn eerste nematode uitpikken, ik herinner het mij nog goed, ging traag, zoooo traag. Als 

ik toen een snelle berekening had gemaakt over hoe lang ik er over gedaan had en dit 

vermenigvuldigd had met hoeveel nematoden ik nog ging uitpikken in mijn hele doctoraat, 

dan had ik waarschijnlijk niet meer verder gedaan omdat mijn pensioen dan wel al zeer 

dichtbij gekomen zou zijn! 

En die nematoden: het zijn vreemde beestjes! Ik droomde ervan, zag ze als ik gewoon mijn 

ogen sloot en vooral: ik begon ze leuk te vinden. De cryptische soorten kregen al snel hun 

eigen ñpersoonlijkheidò: Pm I was de gemakkelijke, Pm II de ambetante, Pm III de 

eigenwijze en Pm IV, ja wat met Pm IV eigenlijk? Daar ben ik nog niet helemaal aan uit. 

Wanneer ik nogmaals de opmerking kreeg ñen wij betalen belastingen voor uw wormkes 

ofwa?ò (cfr. Erik Herman) begon ik met veel plezier te vertellen waarom ik onderzoek deed 

op ñdie wormkesò! 
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Natuurlijk zou dit doctoraat niet geworden zijn wat het was zonder de steun, hulp, ervaring, 

é van vele andere mensen. De eerste die ik hierbij wil bedanken is mijn promotor Tom. 

Het was altijd fijn om samen experimenten te bedenken, resultaten te bespreken of te 

discussiëren over hoe onverwacht de effecten die we te zien kregen waren. Wat je me ook 

vooral geleerd hebt is om niet altijd te volgen in het aantal treatments die je per experiment 

er zou bij ólappenô. Ik weet nog goed, bij mijn eerste experiment wou ik dit op 

vrijdagvoormiddag doen (en had in de namiddag practicum). Je zei me dat het zeker te doen 

zou zijn op een halve dag. Niet dus! Sinds dan reken ik minimum 1 dag om een experiment 

op te starten J. Tom, een echte oprechte bedankt recht uit mijn hart voor alle kansen die je 

me gegeven hebt en de menselijkheid die je toont in de wetenschap!  

Sofie, mijn co-promotor, ik denk dat de meest hevige discussies, vloeken en zuchten, maar 

ook ñhoeraôsòmet jou uitgewisseld zijn! Het was altijd fijn om samen met jou naar een 

oplossing of verbetering te zoeken. Je vrolijkheid en openheid zorgden er steeds voor dat ik 

ook durfde om jou soms eens tegen te spreken J. Wat mis ik het om even snel langs je 

bureau te lopen en om dan meer dan een uur later met nog meer onzekerheden naar mijn 

bureau terug te keren! In ieder geval ben ik heel blij dat je het zo fijn hebt in je nieuwe job! 

En wanneer ik binnenkort naar Denemarken op reis vertrek, zal je niet-werk gerelateerd 

advies ook erg van pas komen!  

Tom en Sofie, ik wil jullie allebei nog eens extra bedanken voor de warmte, begrip en 

interesse die jullie altijd toonden, niet alleen over wetenschap ook op persoonlijk vlak! 

Merci! 

I also want to thank all jury members for the critical revision of my thesis. Their remarks 

and questions resulted in a better version of this PhD thesis. Thank you! 

Annelien, zonder jou was ik nu nog altijd niet klaar met mijn eerste experiment, denk ik! 

Wat ongelofelijk fijn dat je altijd vol enthousiasme kon helpen aan mijn experimenten. Twee 

belangrijke dingen heb ik geleerd in die jaren samenwerken met jou: 1) laat nooit een 

wafeltje achter op je bureau (want Annelien eet het met plezier op) en 2) wij zouden heel 

slechte bureau-genootjes zijn aangezien we veel te veel kletsen en lachen!  

Ook de andere personen van het moleculair labo wil ik zeker niet vergeten! Het was daar 

soms heel eenzaam, dus was het extra leuk als Pieter een muziekje oplegde of Sofie de laatste 

weetjes kwam vertellen! Jullie maakten CeMoFe een leuke plaats om te werken! 
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Aan mijn bureaugenootjes: Ellen, Luana, Tania en Xiuqin. Wat was het altijd leuk in onze 

ótropische bureauô! Ik hou van drukte en veel gebabbel, ideaal dus! Het was altijd fijn om 

naar het werk te komen J (ja, zelfs na 4,5 maand moederschapsverlof). 

Maar ook alle anderen van het labo wil ik niet vergeten natuurlijk. Met sommigen van jullie 

ging ik op reis, met anderen deed ik experimenten, met nog anderen gaf ik practicum of 

gaven me een lift naar huis of had ik gewoon een fijne lunchpauze/koffiepauze. Sommige 

van jullie werden zelfs meer dan collegaôs. Om het met Liesbet haar woorden te zeggen ñals 

je samen iets doet en het is niet in werkverband, dan ben je vrienden!ò. Wel Liesbet: je 

hebt gelijk.. en altijd toevallig op hetzelfde moment naar het toilet gaan, telt dat ook mee als 

vriendschap?  

Delphine: mijn labomaatje! Wat is het hier anders zonder jou! We hebben veel leuke 

momenten gedeeld, ook veel minder leuke.. Maar het was altijd fijn dat je er was, 

onvoorwaardelijk! En ook heel fijn dat je er nog steeds bent, dat vriendschap ook over de 

landgrens blijft bestaan! Dikke knuffel! (en je weet hoeveel dat betekent voor mij!). 

Tim D. (en familie), we delen wel meerdere passies dan enkel mariene biologie! Ik wil je 

oprecht bedanken voor alle adviezen, uitdagingen en vakantiemomenten die we deelden. Het 

is heel fijn om te weten dat er iemand evenveel van onderwijs houdt dan mij! Ook bedankt 

om de kinderen eens uit te wisselen op spring school J. 

Tim T. en Niels D.: wie had ooit verwacht dat ik van ons nog de eerste zou worden om te 

doctoreren? Bedankt om me in de eerste jaren van mijn doctoraat op te vangen als ik op de 

Ledeganck zat. De vele lunches en babbels tussendoor hebben echt deugd gedaan. En Tim, 

wat leuk dat jij nu gewoon bij ons werkt!  

Als ik dit doctoraat nog een beetje dikker zou willen maken (maar daar zal Freija zeker niet 

mee akkoord gaan ;)) dan kan ik een heel lang lijstje maken van alle personen die ik wil 

bedanken omdat we samen iets onderwijs-gerelateerd gedaan hebben. Ik heb de kans en het 

geluk gehad om met enorm veel verschillende mensen practicum te mogen geven, naar 

Wimereux te gaan, Summer/Spring School te begeleiden, é ! Met zoveel verschillende 

personen kunnen samenwerken, maakt me niet alleen een beter wetenschapper, maar ook 

een beter persoon! Bedankt! Een speciale dankuwel gaat naar Sandra, David en Ellen D.: 

wat was het leuk jullie te leren kennen en met jullie een practicum voor de allereerste keer 

te laten doorgaan! De grootste merci hier is natuurlijk voor Miranda:  wat een zalige madam 

ben jij! Alles is altijd op en top en bovendien kunnen we nog eens goed lachen ook!  
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Ik wil ook graag alle studenten bedanken. Mijn bachelorproef-, en masterproefstudenten, 

degene die meegingen op één of andere stage of zelfs gewoon degenen die in een practicum 

zaten. Jullie maakten van mij een beter wetenschapper! Jullie lieten me kritisch nadenken en 

jullie haalden het enthousiasme voor onderwijs in mij naar boven. Als ik thuis kwam na een 

practicum, mocht ik altijd horen dat ik glunderde. Want inderdaad, dat is wat ik zo fijn vind!  

Al zeg ik het zelf, ik ben nog al goed in het werk van me afzetten als ik thuis kom. Dit is 

zeker omdat ik kon rekenen op een fantastische vriendengroep:  

De madammen (van de VDS): supertof om eens een weekendje weg te kunnen gaan. Bij 

jullie is het altijd goed zot en kan ik al mijn energie kwijt. Leuk dat ik op restaurant al eens 

een dissectie van een mossel mag uitvoeren voor jullie! 

Mijn chiromaatjes en akabevriendjes (ja ik ben een overloper) en de Jossen: ook al zien 

we elkaar niet altijd evenveel, wat is het leuk om gewoon met jullie het gevoel te hebben dat 

we toch nog 10 jaar jonger zijn! 

Jolien, Valerie en Evelyn: bedankt om jullie zwangerschapsverlof zo mooi te timen met dat 

van mij (en Valerie: jij zelfs tweemaal J)! Ik kijk met heel veel plezier terug naar al die 

leuke wandelingetjes, pannenkoekjes en babymomentjes! 

De leden van de patatjesclub (haha Lien, danku voor de naam): leuke etentjes (al dan niet 

wekelijks) en uitstapjes zijn het ideale recept voor een stressloos leven. Nu dat weekendje 

aan de Moezel nog!  

Erik, Jolien D, Roelandtjes en alle personen die op een bepaalde manier te maken hebben 

met Roemenië (ook de toneelspelers): bedankt! Multumesc! Prachtig, gek Roemenië..je 

veroverde mijn hart! Ik blijf zeker komen!  

Mijn treinmaatjes: Charlotte en Sara. Wat is het leuk om het óleedô van de NMBS te 

kunnen delen met jullie. En ook zo fijn om samen met jullie in dezelfde fase van het doctoraat 

te kunnen zitten (al nemen jullie dat misschien wel ietsje te letterlijk). Sara: ik beloof dat 

mijn fietsconditie snel weer beter zal zijn! Merci voor de leuke tijden op de trein! Ook aan 

An-Sofie: ons nieuw treinmaatje!  

Mijn  broers, zus, schoonbroer, schoonzussen, kindjes en schoonfamilie: wat een 

fantastisch leuk ógezinnetjeô hebben we toch! Ik kijk altijd uit naar het weekend om jullie te 

kunnen zien. Ik ben oprecht blij deel te kunnen maken van zo een gek, groot gezin!  
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Moeke en vake, zonder jullie zou ik er niet zijn, letterlijk maar ook figuurlijk. Moeke, ik 

herken steeds meer van mezelf in joué maar daar kan ik alleen maar blij om zijn! Jullie 

gaven me de beste motivatie ooit om te studeren in mijn eerste bachelor óals ge er niet door 

zijt, dan moet ge wat minder hobbyôs doen zeô. Boodschap begrepen! Bedankt voor alles! 

De afgelopen 7 jaar zijn er niet alleen op werkvlak veel dingen gebeurd, maar ook op 

persoonlijk vlak. En lieve Jens, hier was jij de constante in! We gingen samenwonen, 

trouwen, kindje krijgen, huisje kopen en nog een kindje krijgen. Ik zou veel woorden kunnen 

schrijven, maar ik geef je er maar drie óTake me awayô, dat zegt denk ik meer dan genoeg! 

Je maakt van ons huisje een thuisje, een plaats waar ik me veilig voel en niet aan het werk 

moet denken als ik daar geen zin in heb! 

Arwen en Lorin : ook bij jullie schieten woorden tekort. Jullie maken elke dag een echt 

plezier en ook al werkten jullie niet goed mee in de laatste week voor het indienen van mijn 

thesis (Arwen: ziek, Lorin: niet meer doorslapen), jullie zijn fantastisch! Zoals Stef Bos het 

zou zingen (en die heeft altijd gelijk!): ñZe noemen het liefde, ze noemen het alles, ze 

noemen het thuis, maar wat het ook is, jij bent het voor mij!ò 

Bart DS maakte de vergelijking tussen doctoreren en bevallen. Ik wil daar graag wat dingen 

aan toevoegen: eerst en vooral bevallen is veel pijnlijker! Ik zou eerder de vergelijking 

maken tussen een kind opvoeden en doctoreren. Het gaat met vallen en opstaan, soms 

werken ze niet mee en moet je ze in de hoek zetten, maar meestal hou je ervan en ben je blij 

als ze iets bijgeleerd hebben. Mijn doctoraatskindje kan nu de wijde wereld in! Het gaat je 

goed!  

Nele, maart 2016
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SAMENVATTING 
Cryptische soorten zijn soorten die genetisch verschillend zijn maar als één soort 

geclassificeerd worden omwille van hun morfologische gelijkenissen. Cryptische soorten 

komen wereldwijd voor en zijn in nagenoeg alle taxa terug te vinden. Cryptische soorten 

gaan vaak sterk in interactie met elkaar, wat in overeenstemming is met Darwins 

competitietheorie: ze zijn zo gelijkaardig in morfologie en fysiologie dat een hoge graad van 

ecologische gelijkenissen verwacht wordt, waardoor competitie ïde aanwezigheid van een 

bepaalde soort heeft een negatieve invloed op een andere soort- hoog zal zijn, en dit het 

samen voorkomen van soorten zal bemoeilijken, zeker op langere termijn en op kleine 

ruimtelijke schaal (= co-existentie). In de natuur komen vele cryptische soorten sympatrisch 

voor, wat er op wijst dat er mechanismen moeten bestaan om tot deze co-existentie te leiden. 

De meeste gaan uit van ecologische verschillen tussen de soorten en van het idee dat soorten 

zich, indien nodig, kunnen verplaatsen weg van hun geboorteplaats (= dispersie).  

Het cryptisch nematodensoortencomplex van Litoditis ñmarinaò (Sudhaus, 2011) is een 

ideaal model systeem om co-existentie van cryptische soorten te bestuderen. L. ñmarinaò 

voedt zich met bacteriën en leeft op (veelal) rottende wieren in het intertidaal gebied. Er 

werden reeds 10 cryptische soorten teruggevonden binnen deze soort. Vier van deze soorten 

(Pm I, Pm II, Pm III en Pm IV) komen frequent voor langs de zuidwestkust en aanpalende 

estuaria van Nederland, en meestal worden twee of drie van deze cryptische soorten samen 

teruggevonden. Genetische verschillen tussen de cryptische soorten zijn vastgesteld in drie 

onafhankelijke loci en tot op heden is er geen reproductie tussen de soorten waargenomen. 

Bovendien zijn er geen diagnostische morfologische kenmerken waarmee de soorten 

eenduidig van elkaar kunnen onderscheiden worden; bij aanvang van dit 

doctoraatsonderzoek waren er ook geen ecologische verschillen tussen de soorten gekend. 

Dit alles maakt dat deze soorten kunnen beschouwd worden als echte cryptische soorten, 

waarvan het samen voorkomen de traditionele competitietheorie van Darwin in vraag stelt. 

In deze doctoraatsstudie onderzoeken we deze co-existentie, samen met de competitieve 

interacties die tussen de soorten kunnen voorkomen.  

In het eerste experimentele hoofdstuk van het doctoraat onderzochten we of competitie 

tussen de cryptische soorten bestaat. In een labo-experiment met gesloten microkosmossen 

(zonder mogelijkheid tot dispersie) werd competitie tussen de vier cryptische soorten getest. 

Competitie bleek zeer algemeen en uitgesproken te zijn; twee van de vier soorten (Pm I en 
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Pm III) waren competitief superieur ten opzichte van de andere. Bovendien veranderde 

saliniteit de competitieve mogelijkheden van de soorten: interacties werden nog sterker bij 

een lage saliniteit en ofwel konden geen enkele van de vier soorten overleven ofwel werden 

de twee competitief inferieure soorten (Pm II en Pm IV) daar volledig weggeconcurreerd. 

Deze resultaten tonen aan dat co-existentie tussen de vier soorten bemoeilijkt wordt in een 

gesloten omgeving. Desondanks konden twee soorten (Pm I en Pm III) wel samen 

voorkomen. Dit resultaat, in combinatie met het sympatrisch voorkomen van de soorten in 

hun natuurlijk milieu (Derycke et al., 2006), wijst er op dat mechanismen die kunnen leiden 

naar co-existentie van deze cryptische soorten bestaan.  

Niche differentiatie ï verschillen in de ruimte bepaald door omgevingscondities en bronnen 

waarin soorten voorkomen en mee kunnen interagerenï is één van de meest plausibele 

mechanismen voor co-existentie. In intertidale gebieden spelen saliniteit en temperatuur een 

belangrijke rol in de velddistributie van veel organismen. We onderzochten in een labo-

experiment of levensgeschiedeniskenmerken (juveniele ontwikkelingstijd, fecunditeit en 

populatiegroei) en reproductieve strategieeën variëren tussen de soorten en/of in functie van 

deze twee abiotische factoren. Dit bleek inderdaad zo te zijn: Pm III vertoonde altijd de 

hoogste fecunditeit, ongeacht de abiotische condities. Temperatuur had een groter effect op 

de levensgeschiedeniskenmerken van alle soorten dan saliniteit. Pm II en Pm IV vertoonden 

de beste populatiegroei bij lage temperatuur, Pm III bij hogere temperatuur en Pm I 

vertoonde geen voorkeur. Deze verschillen zijn in overeenstemming met de velddistributie 

van de soorten aan de kust en de estuaria in de Noordzee (Derycke, et al., 2006). Deze 

resultaten wijzen er op dat verschillende voorkeuren tussen de cryptische soorten, ook al is 

het voor slechts één abiotische factor, reeds kunnen leiden tot niche differentiatie.  

Het vorige experiment werd uitgevoerd bij verschillende temperaturen en saliniteiten, maar 

deze bleven constant over de tijd. Dit is niet in overeenstemming met de natuurlijke situatie 

waar zowel seizoenale als dagelijkse fluctuaties voorkomen. In een volgend experiment 

werden daarom de populatiegroei van de verschillende cryptische soorten en hun interacties 

getest bij dagelijkse fluctuerende temperaturen en vergeleken met een constante 

temperatuur. Fluctuerende temperaturen bleken geen effect te hebben op de fitness van de 

populaties, maar hadden een belangrijk effect op de interacties tussen de soorten. 

Afhankelijk van welke soorten gecombineerd werden, zorgde het temperatuurregime voor 

een verandering in de interacties (van mutualisme naar commensalisme) of in de sterkte van 

de interacties. Deze resultaten wijzen er op dat het zeer belangrijk is om het effect van 
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fluctuerende abiotische factoren op interacties te onderzoeken. Dit is van belang bij het 

voorspellen van het effect van klimaatverandering: klimaatvoorspellingen tonen aan dat de 

amplitude van dagelijkse temperatuurfluctuaties zullen verminderen. Bovendien is dit ook 

belangrijk voor co-existentie: ook al hebben abiotische condities geen effect op 

populatiegroei, zij kunnen dit wel hebben op de interacties. Co-existentie kan dus in een 

bepaalde omgeving niet mogelijk zijn, terwijl dit wel zo is als de abiotische condities 

veranderen.  

Een ander mogelijk mechanisme van nichedifferentiatie is differentiatie in dieet. De 

bacteriële diversiteit van individuele nematoden van drie cryptische soorten werd onderzocht 

met behulp van Next Generation Sequencing. Dit experiment toonde aan dat het microbioom 

van de soorten zeer divers is en dat er een grote variabiliteit binnen de soorten bestaat. 

Bovendien werd het bestaan van soortspecifieke microbiomen bevestigd. Naast deze 

verschillen werd de bacteriële gemeenschap ook beinvloed door de aangeboden voedselbron 

en bleek dit soortafhankelijk te zijn: Pm III was meer selectief in zijn voedselopname dan 

Pm I. 

De voorgaande drie hoofdstukken maken dus duidelijk dat er ecologische verschillen in 

abiotische voorkeuren en dieet bestaan tussen de cryptische soorten. Deze leiden tot 

nichedifferentiatie, wat kan leiden tot lokale co-existentie.  

In het snel veranderende en kortstondige habitat waar L. ñmarinaò voorkomt is dispersie 

belangrijk om te kunnen ontsnappen aan ongunstige condities. Bovendien is dispersie 

noodzakelijk in alle metagemeenschap paradigmaôs (regionale co-existentie). We 

onderzochten daarom ook of de cryptische soorten verschillen toonden in hun actieve 

dispersiemogelijkheden. Hiervoor maakten we gebruik van speciale dispersieplaatjes waar 

de nematoden de mogelijkheid kregen om zich van de ene locatie naar de andere te 

verplaatsen. Actieve dispersie van L. ñmarinaò bleek veel voor te komen en was densiteits-

, geslachts- en omgevingsafhankelijk. Bovendien bleken de dispersiemogelijkheden te 

verschillen tussen de soorten: Pm I was de traagste disperseerder en Pm III de snelste. 

Verschillen in dispersiemogelijkheden kunnen er voor zorgen dat soorten die competitief 

inferieur zijn als eerste in een lege patch aankomen en daar al een populatie kunnen 

opbouwen waardoor zij een voordeel hebben ten opzichte van later arriverende soorten, die 

competitief sterker zijn. Dispersieverschillen bepalen dus mee de gemeenschapscompositie 

en co-existentie van de soorten.  
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Competitie kan ook vermeden worden door dispersie. Dit werd getest aan de hand van een 

competitie-experiment met de vier cryptische soorten (vergelijkbaar met het eerste 

competitie-experiment), maar deze keer met de mogelijkheid om te disperseren. 

Daarbovenop onderzochten we of interspecifieke competitie, intraspecifieke competitie of 

voedselbeschikbaarheid de belangrijkste stimulans voor dispersie was. We vonden 

inderdaad dat co-existentie bevorderd kan worden door dispersie omdat competitie 

uitgesteld of vermeden kan worden. We konden ook aantonen dat de stimulans om te 

disperseren soortafhankelijk is: Pm III en Pm IV disperseerden wanneer de densiteit 

(ongeacht de soort) te hoog werd. Pm II disperseerde altijd op hetzelfde moment, ongeacht 

de densiteit, en Pm I disperseerde sneller wanneer interspecifieke interacties aanwezig 

waren.  

Al deze ecologische verschillen tussen de cryptische soorten kunnen potentieel ook leiden 

tot functionele verschillen. We onderzochten daarom of de verschillende cryptische soorten 

een verschillende rol hebben in het functioneren van een ecosysteem. We deden dit door het 

effect van de soortidentiteit op de decompositie van organisch materiaal (algen) te bekijken, 

alsook het effect op de activiteit van twee sleutelenzymen, die mee instaan voor de afbraak 

van het algenmateriaal. Bovendien werd er ook getest of interspecifieke interacties een 

invloed hadden op het decompositieproces. Verschillen tussen de soorten werden 

teruggevonden. Pm IV is vermoedelijk belangrijker in het stimuleren van het 

decompositieproces, terwijl Pm II geen enkel duidelijk effect vertoont. De interspecifieke 

interacties die gevonden werden zijn vergelijkbaar met deze van het eerste competitie-

experiment: Pm I werd zeer dominant. Toch bleek dat in deze culturen het effect op 

decompositie verschilde van de culturen waar alleen Pm I voorkwam. Interspecifieke 

interacties kunnen dus leiden tot een verschillend effect op decompositie. Bij gevolg zal dus 

elke cryptische soort potentieel belangrijk zijn voor het functioneren van ecosystemen en 

kan haar belang geheel of gedeeltelijk gemodificeerd worden door de aanwezigheid van 

andere cryptische soorten.  

We kunnen samenvatten dat interacties tussen de cryptische soorten veelvuldig voorkomen. 

Hoewel we in het eerste competitie-experiment met de gesloten microkosmossen een 

duidelijke hiërarchie van competitieve soorten waarnamen, was het onmogelijk om één 

competitief superieure soort aan te duiden wanneer we alle experimenten in rekening 

brengen. Er bestaat een competitief intransitief netwerk, waarbij de soorten niet eenvoudig 

kunnen gerangschikt worden naargelang hun competitieve mogelijkheden omdat een 
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bepaalde soort wel competitief dominant kan zijn over een andere soort, maar tegelijkertijd 

ook competitief inferieur vergeleken met nog een andere soort. De cryptische soorten 

verschillen in meer aspecten dan verwacht: verschillen in levensgeschiedeniskenmerken, 

dieet, competitieve mogelijkheden, dispersiestrategieën en hun rol in het functioneren van 

een ecosysteem komen voor. Deze verschillen resulteren in nichedifferentiatie en kunnen, 

gecombineerd met dispersie, belangrijk zijn voor co-existentie. Bovendien wijst de 

verschillende rol die de soorten hebben in het functioneren van een ecosysteem er op dat het 

zeer belangrijk is om rekening te houden met cryptische diversiteit bij conservatiebiologie. 
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SUMMARY 

Cryptic species are species which are genetically distinct, but have been classified as a single 

species because of their morphological similarity. Cryptic species have been found 

worldwide and in many different taxa. Strong interspecific interactions are common within 

cryptic species complexes. According to Darwinôs competition theory this may be explained 

by the fact that cryptic species are so similar in their morphology and physiology that a high 

degree of ecological similarity is present. As a result, competition - the presence of one 

species influence the occurrence of another in a negative way- is fierce and co-occurrence 

of the species on a larger temporal scale and small spatial scale (= coexistence) is hard to 

achieve. Nevertheless, many cryptic species complexes have sympatric distributions, so 

some mechanisms which facilitate coexistence have to exist. Most mechanisms to achieve 

coexistence rely on the assumptions that some ecological differences between the species 

are present (i.e. niche differentiation) and that species are able to disperse from their natal 

habitat if necessary.  

The cryptic nematode species complex of Litoditis ñmarinaò (Sudhaus, 2011) is an ideal 

model to study coexistence of cryptic species. L. ñmarinaò is a bacterial feeder and lives on 

decaying macroalgae in an intertidal environment. At least ten cryptic species have been 

found within this morphospecies complex, and four of them (Pm I, Pm II, Pm III and Pm 

IV) occur along the south-western coast and estuaries of The Netherlands. It is common to 

find two or three of these cryptic species co-occurring. Consistent molecular divergences 

between these species have been found at three independent loci and the species are 

reproductively isolated. No diagnostic morphological characters are present and ecological 

diversification had not been documented at the start of this PhD. As such, these species 

challenge the traditional competition theory of Darwin. In this PhD thesis we investigated 

the coexistence of these four cryptic species of L. ñmarinaò and the competitive interactions 

between them.  

First of all, we investigated whether competition exists between these co-occuring species. 

In a laboratory experiment, competition between the four cryptic species was tested in a 

closed environment without dispersal possibilities. Competition between the species was 

found to be common and pronounced, with two species (Pm I and Pm III) being 

competitively superior over the other two. Moreover, changing the abiotic environment (in 
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casu salinity) modified the competitive abilities of the species. The interactions became even 

stronger at lower salinity, resulting in the complete exclusion of all four species in some 

plates and the complete exclusion of the two competively inferior species (Pm II and Pm IV) 

in others. These results demonstrate that coexistence between the four species in a closed 

environment is difficult to achieve. Nevertheless, two of the four species were still present 

in high abundances at the end of the experiment and there is also evidence of co-occurrence 

of the cryptic species in the field, so some mechanisms leading to their coexistence have to 

exist.  

Niche differentiation ï differences in the multi-dimensional space of resources in which an 

organism can respond and alterï is one of the most common ways to achieve coexistence. In 

intertidal marine environments salinity and temperature play an important role in 

determining species distributions.We performed a lab experiment to investigate whether 

cryptic species differ in their life histories (juvenile development time, instantaneous 

fecundity and population development) and in their response to these abiotic conditions. Pm 

III had a higher instantaneous fecundity than the other three species regardless abiotic 

conditions. Temperature and salinity affected the life history characters and the reproductive 

strategy of some of the cryptic species, with temperature clearly having a stronger effect than 

salinity. Pm II and Pm IV performed better at lower temperatures, Pm III at higher 

temperatures, and Pm I did not show any temperature preference. These different 

temperature preferences nicely correlate with the respective seasonal field distribution 

patterns of these cryptic species along the south-eastern coast of the North Sea and adjacent 

estuaries (Derycke, et al., 2006). This suggests that different preferences of the cryptic 

species for even a single abiotic factor may already result in niche differentiation. 

The previous experiment was performed at different but constant temperatures and salinities. 

In nature, these abiotic conditions are not constant but fluctuate at both a seasonal and daily 

basis. Therefore, in a next experiment, we compared population performance of individual 

cryptic species and the outcome of their interspecific interactions under a temperature regime 

with daily fluctuations vs a constant temperature regime. A fluctuating temperature regime 

had minor or no effects compared to a constant temperature on the population performance 

of the individual cryptic species, but did have a substantial effect on the interactions between 

them. Dependent on the combination of the species, temperature regime also changed the 

strength of the interspecific interactions or the type of interaction (from a sort of mutualism 

to commensalism). It is thus important to incorporate the effect of abiotic fluctuations on 
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interspecific interactions, for instance to predict the effect of climate change on biodiversity, 

as climate change models predict decreasing amplitudes of daily temperature fluctuations. 

Moreover, these results indicate that even if abiotic conditions do not have an effect on 

population development, interactions may be affected. Coexistence may thus not be present 

in one particular environment, but can then be achieved when abiotic conditions change.   

Another potential driver of niche differentiation is differential resource use among the 

different cryptic species. Next Generation Sequencing on the microbial diversity in single 

nematode individuals from three cryptic L. ñmarinaò species was conducted to investigate 

possible differences in food resource use of the species. Our results showed that the bacterial 

communities are highly diverse and show pronounced intraspecific variability. Moreover, 

we confirmed the existence of species-specific microbiomes. In addition to differences in 

ógut microfloraô between cryptic species, an experiment with two different bacterial inocula 

as food source substantially affected the nematode microbiomes, illustrating different 

feeding behaviour between the cryptic species, with Pm III being a more selective feeder 

than Pm I.  

Based on the previous, it is clear that ecological differences in abiotic preferences and 

resource use exist between the cryptic species. This niche differentiation can potentially 

provide an important mechanism for local coexistence of these closely related species.  

In the rapidly changing and ephemeral habitat where L. ñmarinaò lives, dispersal is 

extremely important to avoid unfavourable conditions and is required to achieve regional 

coexistence. We investigated whether individual cryptic species show differences in their 

active dispersal abilities. We used specially designed dispersal plates, where nematodes were 

able to move from one ópatchô to another. Active dispersal in L. ñmarinaò was common, 

density-dependent and gender- and environment-specific. Moreover, species-specific 

differences existed: Pm I was the slowest disperser and Pm III the fastest. Dispersal 

differences can lead to competitively inferior species arriving first at an empty patch and 

starting a new population, which can be beneficial over (more competitively superior) 

species arriving later. As a result differential dispersal can shape community composition 

and coexistence.  

Competition can also be avoided through dispersal. To test this, we conducted a competition 

experiment like the first one with the four cryptic species together but now offering 

opportunities for dispersal rather than working in a closed microcosm without dispersal. 

Moreover, we tested whether interspecific competition, intraspecific competition or food 
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availability was the main driver of dispersal. We found that co-occurrence can be facilitated 

because competition is postponed or avoided by dispersal. All four species were able to co-

occur in fairly stable abundances. Moreover, we showed that the trigger for dispersal is 

species-specific: density per se was the main driver for dispersal in Pm III and Pm IV. 

Dispersal of Pm II always started at the same timing irrespective of nematode density, 

whereas interspecific interactions were the main trigger of dispersal in Pm I.  

Ecological differences between the cryptic species could potentially translate in functional 

differences. L. ñmarinaò can substantially impact the decomposition process of algal litter, 

and cryptic species may have differential effects. We therefore investigated whether 

different cryptic species have different functional roles in ecosystem functioning. Moreover, 

we tested if interspecific interactions among the four cryptic species influence the 

decomposition process. We tested this by studying the effect of the different cryptic species 

in single-species treatments and in a mix of species on the loss of organic matter from 

decomposing algae and on the activity of two key extracellular enzymes involved in the 

degradation of this phytodetritus. We demonstrated that species-specific effects on the 

decomposition process exist. Pm IV may be more important in accelerating the 

decomposition process compared with the other species and Pm II may not have any 

stimulatory effect at all. Moreover, interspecific interactions were comparable with the ones 

found in the first competition experiment: combining the four cryptic species resulted in high 

competition, with Pm I as dominant species, but without complete exclusion of other species. 

Nevertheless, the effects on the decomposition process was different in these combined 

cultures compared with cultures where Pm I occurred alone. As a result, each cryptic species 

may play a different role in ecosystem functioning.  

We can conclude that interspecific interactions are prominent between the cryptic species of 

L. ñmarinaò. Despite the clear competitive hierarchy found in closed microcosms in the first 

competition experiment, it was impossible to detect one ultimate competitively superior 

species across all experiments. Instead, we found evidence for the presence of a 

competitively intransitive network, in which speciesô abilities cannot be ranked in a 

hierarchy, because a species that is competitively superior over one species, may be 

competitively inferior compared to another species. In addition, it is clear that the cryptic 

species differ in life-history traits, abiotic preferences, feeding ecology, competitive abilities, 

dispersal strategies and ecosystem functioning. These differences result in niche 

differentiation, and combined with differences in dispersal abilities may lead to coexistence. 
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Finally, the differences in ecosystem functioning between the species emphasize the 

importance of including cryptic species in conservation management. 
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Unravelling coexistence of cryptic species 

The title of my PhD ócoexistence of cryptic speciesô immediately raises three important 

questions: (1) what is a species, (2) what does cryptic  mean, and (3) what is coexistence? 

The general introduction of this work will first focus on these three aspects, followed by an 

overview of different paradigms to achieve coexistence, applied to cryptic species, and a 

short explanation why cryptic diversity may be important. I will conclude this by integrating 

this information with the outline of my PhD thesis.  

The species concept 

Studying nature already fascinated humans from the early cultures (Indian, Egyptian, 

Mesopotamian, Chinese) in which passing on knowledge about plants and animals was 

extremely important to increase their chances of survival (Magner, 2002). The Sushruta 

Samhita, for instance, was an Indian collection of medical information and described more 

than 700 medicinal plants, 64 medical preparations from mineral sources, and 57 

preparations based on animal sources (Bhishagratna, 1963). Still, it must have been Aristotle 

who was one of the first to really study the diversity of life and classify animals into 

ñcategoriesò (Singer, 1931; Mayr, 1982). He arranged creatures in a óscala naturaeô (Fig. 1): 

a graded scale of perfection rising from plants to human beings (Granger, 1985). 

Nevertheless, the first real definition of óa speciesô was only formulated by John Ray in 1686: 

species were óunitsô distinguished by always producing the same form, but considerable 

variation was possible (Wilkins, 2006). In 1859 Charles Darwin started the real discussion 

about the term species. "No one definition (of species) has as yet satisfied all naturalistséò, 

he wrote ñé yet every naturalist knows vaguely what he means when he speaks of a species. 

Generally the term includes the unknown element of a distinct act of creation" (Darwin, 

1859). Combined with Mendelôs theory of inheritance, biologists started to think about the 

exact definition of a species. Ernst Mayr was the first to define species with the biological 

species concept (Mayr, 1942), in which species are reproductively isolated. As a 

consequence, different species are necessarily reproductively isolated and are representing 

separate evolutionary lineages. Nevertheless, this definition has some pitfalls: distinguishing 

potential reproductive barriers can be difficult, and the biological species concept cannot be 

straightforwardly applied to asexual organisms and allopatric populations. Since then, the 

exact definition of the word species has been discussed for a long time and is still the subject 

of different opinions. More than twenty species concepts remain in circulation (Mayden, 
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1997). Most older species descriptions rely on the typological species concept (Bickford, et 

al., 2007): organisms are classified in the same species if they appear identical by 

morphological criteria . Such a morphological classification mostly leads to the fact that 

populations and not specimens are being identified as species (Agapow, et al., 2004). In the 

past, researchers have accidentally classified male and female individuals of the same 

(biological) species into separate species, or have lumped two species in one when they are 

morphologically very similar. For this reason, a genetic definition of the term species may 

be more meaningful because it is related to the evolutionary processes that give rise to the 

groups being classified. The phylogenetic species concept considers a species to be a group 

of organisms that have descended from a common ancestor (Cracraft, 1983). This concept 

has also some pitfalls: what with neutral mutations? Or what level of divergence is needed 

to constitute a species (De Queiroz, 2007)? For this reason, nowadays, integrative 

taxonomists look for changes in more than one type of characteristic of an organism and try 

to incorporate independent data of molecules, morphology or mating signals. This is mostly 

deemed to be good evidence for separating species (Bickford, et al., 2007). In this PhD, we 

will use a combination of the biological species concept (species do not interbreed) and the 

phylogenetic species concept (species show genetic differences).   

 

Figure 1: The Scala Naturae or ógreat chain of beingô according to the descriptions of 

Aristotle (Singer, 1931).  
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Cryptic diversity  

When two or more genetically distinct species are classified as a single species because 

of their morphological similarity , they are called cryptic species (Knowlton, 1993). Cryptic 

species may result from speciation that is so recent that morphological traits have not yet 

evolved. Nevertheless, evidence for more ancient speciation (millions of years ago) was also 

found (Bickford, et al., 2007), without the presence of any obvious morphological 

differences. Three main reasons may explain why such species do not differ in morphology 

: (1) speciation is not always accompanied by morphological change: cryptic species may 

be differentiated by nonvisual mating signals or behavioural differences (Bickford, et al., 

2007), or be under selection that promotes morphological stasis (Gómez, et al., 2002). (2) 

Species look morphologically similar at first sight, but once they are studied in more 

detail, diagnostic characters can be found (Pfenninger & Schwenk, 2007). Some suggest 

to call these species ópseudo-crypticô, but in general, the definition of cryptic species states 

that species are, or have been, classified as a single nominal species because they are at least 

superficially morphologically indistinguishable (Bickford, et al., 2007). And (3) the 

existence of convergent evolution: independent evolution of similar features in species of 

different lineages, which creates analogous structures that have similar form or function 

(Henry, et al., 1999; Jones & Holderied, 2007). Evidence of recent cryptic speciation was 

found for two species of coccolithophores (Sáez & Lozano, 2005). Another example are two 

recently diverged cryptic species of sea urchins (Landry, et al., 2003), which hitherto only 

appear to differ in sperm morphology. Most cryptic species diverged, however, million s of 

years ago (e.g. fish, copepods, amphipods, algae,... (Colborn, et al., 2001; Rocha-Olivares, 

et al., 2001; Lef®bure, et al., 2006; Ġlapeta, et al., 2006)). 
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Sympatric occurrence of cryptic species  

Although allopatric distributions ï geographically separated ranges ï of cryptic species do 

exist (e.g. Solé-Cava, et al., 1991; Chang, et al., 2008), most cryptic species complexes have 

sympatric distributions : they occupy the same or overlapping geographic areas (e.g. Pinto, 

et al., 1986; Knowlton, 1993; Trewick, 1998; Mayer & Von Helversen, 2001; Ortells, et al., 

2003; Zhang, et al., 2004; Derycke, et al., 2006; Stuart, et al., 2006; Amato, et al., 2007; 

Wellborn & Cothran, 2007; Montero-Pau, et al., 2011). Sympatric distributions may be the 

result of sympatric speciation, where intraspecific competition is strong enough to induce 

disruptive selection (Bürger, et al., 2006; Svanbäck & Bolnick, 2007) and/or adaptations 

leading to speciation, or of allopatric speciation followed by range expansion. The first 

mechanism has been proposed to explain the sympatric occurrence of cryptic species of 

damselflies (McPeek & Brown, 2000), the second for amphipods and nematodes (Witt & 

Hebert, 2000; Derycke, et al., 2008b).  

Interactions between sympatric cryptic species are common: for instance, some cryptic 

rotifer species showed strong interspecific competition and even competitive exclusion 

(Ciros-Pérez, et al., 2001). This may be explained by the fact that cryptic species are so 

similar in their morphology and physiology that a high degree of ecological similarity is 

expected (Leibold & McPeek, 2006), which may lead to strong competition - the presence 

of one species influence the occurrence of another in a negative way - between them 

(Darwin, 1859). Two main types of competition may exist between cryptic species: (1) 

exploitation competition and (2) interference competition. The first is also called resource 

competition: organisms will compete for food, space or other necessary resources. This has, 

for instance, been observed for cryptic species of planktonic algae (Tilman, 1977). The 

competitively inferior species is not able to find enough resources, because the superior 

one(s) deplete(s) the resource faster or better. In interference competition, one species 

interferes with the ability of another species to obtain resources (Schoener, 1974), for 

instance through aggressive behaviour. A more competitive species may show competitive 

behaviour combined with predation and directly predate on eggs or juveniles of the 

competing species (intraguild predation; Case & Gilpin, 1974). Interference competition 

may also be caused by chemical repulsion as already proposed as one of the possible 

mechanisms for inhibition in marine harpacticoid copepods (Chandler & Fleeger, 1987): 

mucus tubes of one species inhibited the presence of a second species. Besides competition, 

other interactions between species may also occur such as facilitative interactions - the 
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presence of one species improves the occurrence of another - which may enhance 

coexistence. Nevertheless, due to the expected high competition between very similar 

species, long-term sympatric occurrence on a small spatial scaleï further referred to as 

coexistence ï of cryptic species may be hard to achieve.  

Coexistence can be studied at two spatial scales: local and regional and is mostly evaluated 

as populations reaching an equilibrium state. If interspecific interactions, however, are 

disrupted under certain conditions (for instance in highly fluctuating environments), such an 

equilibrium state may be hard to achieve and non-equilibrium coexistence may exist (Pickett, 

1980). At the local scale, no neighbouring patches are taken into account, and coexistence 

can only be achieved when there is niche differentiation and heterogeneity (Mouquet & 

Loreau, 2002). This essentially corresponds to a closed environment without dispersal 

opportunities, in which permanent coexistence of closely related species can only exist if 

intraspecific competition is equal to or higher than interspecific competition (Chesson, 

2000a). Coexistence at the regional or metacommunity scale ï a set of interacting 

communities which are linked by dispersal (MacArthur & Wilson, 1967) ï can still occur. 

In this case, coexistence is a result of regional processes, such as immigration and extinction 

(Mouquet & Loreau, 2002). In this way, coexistence may be absent at the local scale, but 

may exist at the metacommunity level (Hanski, 1999). Hence, while species occur together 

at the regional level, they may be temporally or spatially segregated at the local level (mostly 

referred to as óco-occurrenceô instead of ócoexistenceô). These different ways to achieve local 

coexistence (niche differentiation) and regional coexistence (metacommunity pardigms) are 

described in more detail below and are illustrated in Fig. 2. Which paradigm(s) explain(s) 

the sympatric occurrence of cryptic species is often difficult to establish, the more so since 

the different paradigms are not necessarily discrete and separate but may rather represent a 

continuum (Leibold & McPeek, 2006).  

Local coexistence 

A. Niche differentiation 

The niche is a multi-dimensional space of resources in which an organism can respond and 

interact (Hutchinson & MacArthur, 1959; Hughes, et al., 2008). Coexistence of very similar 

species may be facilitated by some distinct niche differences (Zhang, et al., 2004). In most 

cryptic species complexes, ecological and functional differences are largely unknown, but 

subtle morphological, geographical and other differences are often present (Bickford, et al., 
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2007). These may form a basis for niche differentiation which can be temporal or 

morphological (see further). In temporal niche partitioning, for instance, two species 

feeding on the same resource will minimize competition by utilizing the same resource at 

different times. This can be achieved at different time scales, from for instance day-night 

partitioning (Kronfeld-Schor & Dayan, 1999) to a seasonal scale, where different species 

reach peak abundances at different times of the year (Schoener, 1974; Lawler & Morin, 

1993). In addition to resource differentiation, species can also exhibit differences in abiotic 

preferences, and coexistence may particularly be achieved in environments with fluctuating 

dynamics. The salinity tolerance ranges of cryptic rotifer species, for instance, overlapped, 

which affected their relative fitness (Gabaldón, et al., 2015). This has implications for 

competition and as a consequence for the coexistence of the species (Leibold & McPeek, 

2006). A competing species needs to be able to recover from low densities in a fluctuating 

environment. Three conditions should be met to achieve this (Chesson, 2000b): 1) 

differential responses of the competing species to a fluctuating environment; 2) a 

relationship between environment and competition: some species will show better 

competitive abilities in a certain environment, but if the environment changes, another 

species will become more competitive ("heterogeneous competitive environment", 

Amarasekare, 2003; Montero-Pau, et al., 2011), and 3) a óstageô buffered from 

competition, which may be a diapausing stage (Warner & Chesson, 1985) within that 

population or individuals from another patch that can disperse into this population (spatial 

storage effect, see further).  

Another mechanism to avoid competition is selection for different morphologies. For 

instance, different bumblebee species show adaptations of the proboscis to other food 

sources (Goulson & Darvill, 2004). In this scenario, character displacement is the main 

mechanism behind coexistence (Abrams, 1986). In nematodes, polyphenism of feeding 

structures in response to different environmental conditions within the nematode 

Pristionchus pacificus may be an important step towards phenotypic evolution and (cryptic) 

speciation (Kiontke & Fitch, 2010). Resource diversification and differential abiotic 

preferences may not only be important mechanisms for local coexistence of species, but also 

for regional coexistence. 
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Regional coexistence  

B.  Patch-dynamics: colonization-competition trade-off  

The competition-colonization trade-off has long been considered an important mechanism 

explaining species coexistence in spatially structured environments (Cadotte, et al., 2006). 

This mechanism relies on the principle that species that are very good colonizers (a 

combination of good dispersal capacities and a high fecundity) may be poor competitors 

and vice versa (Hastings, 1980). The underlying assumptions for this trade-off mechanism 

are that (a) all patches are connected by dispersal, (b) patches do not differ in their suitability 

for the competing species (óhomogeneous environmentô) (Leibold, et al., 2004), and (c) there 

is a competitive hierarchy in a competitively homogeneous environment: competitive 

abilities do not change in response to environmental changes (Amarasekare, 2004; Calcagno, 

et al., 2006). Poor competitors will disperse to empty patches, where the stronger competitor 

will not (be able to) disperse to. As a result, species composition will vary in patches 

depending on whether species effectively colonize or outcompete each other (Winegardner, 

et al., 2012). Many experimental studies have failed to detect evidence for the dispersal-

competition trade-off (reviewed in Cadotte, et al., 2006), because spatial heterogeneity may 

overwhelm the trade-offs. Due to this, it is often suggested that this trade-off can only 

account for the coexistence when there is an additional driver of coexistence (Amarasekare, 

2003). Nevertheless, for instance in rotifer species (Cadotte, et al., 2006), competition-

colonization trade-offs may be a very important mechanism for coexistence.  

C. Spatial storage (species sorting)  

Niche differentiation ï such as differences in abiotic preferences (see above) ï may also be 

important at the regional scale. In a competitively heterogeneous environment, where 

competitive abilities can vary in response to environmental changes (Crombie, 1947; 

Dunson & Travis, 1991), competitively inferior species (inferior in that specific place and 

at that particular time) may persist because they are temporarily favoured by specific 

conditions (Begon, et al., 1996). If the conditions change, other species may be favoured 

and will be able to dominate. This leads to species sorting: species will occupy suitable sites 

along environmental gradients and as a consequence, community composition may change 

by environmental perturbations. Dispersal is important to maintain species with a negative 

growth rate in a specific site at a specific time, and may buffer the species from extinction 

during those periods or in those places where their competitive abilities are impaired. 

Nevertheless, dispersal is never sufficient to alter their distribution. Priority effects 
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caused by dispersal limitation can lead to different stable communities composed of 

essentially the same species (Winegardner, et al., 2012): species that start a new population 

early in a certain patch, for instance because they are the first to arrive there, may have a 

greater chance of becoming and remaining dominant than later arriving species if they 

rapidly reproduce and are able to adapt to the new environment (Harper, 1961; De Meester, 

et al., 2002). The importance of priority effects to explain community structure has already 

been demonstrated in a wide range of taxa (Shulman, et al., 1983; Alford & Wilbur, 1985; 

Blaustein & Margalit, 1996; van de Voorde, et al., 2011). Not only differences in abiotic 

preferences may lead to species sorting, but also biotic differences, such as a differential 

vulnerability to predation, may provide important mechanisms behind species sorting. In this 

case, changes in the species composition are correlated with predation intensity and/or 

predator identity (Black II & Hairston, 1988; Garcia & Mittelbach, 2008). In contrast with 

the assumption of a homogeneous environment in the competition-colonization trade-off, 

environmental fluctuations are necessary to achieve coexistence in the spatial storage 

theory, and these environmental shifts need to occur before competitive exclusion can occur 

(Hebert & Crease, 1980). 

Recently, there is even evidence for processes similar to the spatial storage concept but 

without species-specific differences in life history or competitive abilities. Coexistence may 

arise from the dispersal process itself, without spatial heterogeneity or biological trade-

offs. This may be quite common in marine environments, in which dispersal of many 

organisms is mostly modulated by the physical environment and hence largely passive 

(Aiken & Navarrete, 2014). Connectivity of marine populations will vary over a range of 

space and time scales due to, for instance, local ocean currents. Nearshore marine species 

mostly have a short spawning period and the distance larvae can disperse depends on the 

characteristics of the flow, which may vary over time. This may result in the ability of 

competitively inferior species to survive, and differences in community composition may be 

achieved if species-specific differences in dispersal exist, such as the timing of spawning, or 

the buoyancy of larvae. Coexistence of reef fishes, for instance, may be possible when 

interspecific differences in dispersal abilities exist and if reef patches are distributed at 

irregular distances. Species will be able to disperse over different distances, depending on 

the oceanographic conditions (Bode, et al., 2011), and this will shape community 

composition. Freshwater invertebrate community composition will also be partly the result 

of a species sorting system due to temporal changes in wind speed that regulate their passive 
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dispersal. Some differences in egg morphology may lead to differences in dispersal distance 

between the species (Vanschoenwinkel, et al., 2007).  

D. Mass-effect paradigm  

The mass-effect paradigm acts in an environment where different patches have different 

conditions at a given time. Dispersal connects the different patches and creates source-sink 

dynamics (Leibold, et al., 2004). Populations may continue to persist in sink populations ï 

where their net reproductive rate is less than their replacement ï because of immigration 

from source populations, which live in a higher quality habitat that allows the populations to 

increase. The sink habitat would not be able to support a population on its own 

(Winegardner, et al., 2012). High dispersal is important in this paradigm as it ensures a 

constant supply of new colonizers to the sink habitats. The mass-effect paradigm implies 

that some habitat patches may be more important for the long-term survival of a population 

(Pulliam, 1988) than others and that species differ in some aspect: a source population for 

one species can be a sink population for the other. In contrast with the spatial storage 

paradigm, temporal fluctuations are less important for the coexistence of the species.  

E. Neutral dynamics  

In contrast to the four drivers of coexistence discussed above, the neutral dynamics theory 

does not require species to be different in order to coexist (Hubbell, 2006). If differences 

between species are completely unrelated to traits that influence fitness or demography, we 

can consider species as equivalent (Leibold & McPeek, 2006). In neutral theory (Hubbell, 

2001), the presence of species is entirely and only driven by chance events, such as random 

dispersal, ecological drift (demographic stochasticity) and mutation-order speciation 

(Hubbell, 2001; Leibold & McPeek, 2006; Schluter, 2009). Nevertheless, complex 

ecological interactions, e.g. competition, can still exist among individuals or populations of 

an ecological community as long as all the individuals obey the same rules (Hubbell, 2005) 

and none of the species will be favoured in the end. Because species traits do not matter for 

fitness, species become so identical that intraspecific competition is equivalent to 

interspecific competition (Leibold & McPeek, 2006; Leibold, 2008); the outcome of these 

interactions, then, only depends on neutral processes. Notwithstanding the importance of 

niche differentiation to explain population and community compositions, neutral dynamics 

are sometimes surprisingly accurate in explaining patterns of coexistence (McPeek & 

Brown, 2000; Siepielski, et al., 2010; Langenheder & Székely, 2011).  

https://en.wikipedia.org/wiki/Ecological
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Figure 2: Schematic representation of paradigms of metacommunity theory (adapted from 

Leibold, et al. 2004) for two species represented by populations A and B. Arrows connect 

donor (= source) populations with potential colonization sites, shown as large boxes or ovals. 

If both boxes and ovals are present, the environment is heterogeneous. Solid arrows indicate 

higher dispersal than dashed arrows and either unidirectional movement (single-headed 

arrows) or bidirectional movement (double-headed arrows). The degree to which a species 

is the dominant competitor in a site is shown by the matching of the smaller box or oval 

(denoting its habitat type niche) with the site symbol (when the two coincide, this dominant 

competitor outcompetes or excludes the weaker competitor). The paradigms illustrated are 

(a) niche differentiation in a closed environment, (b) competition-colonization trade-off, (c) 

spatial storage, (d) mass-effects and (e) neutral dynamics. In all paradigms except (a), 

competition between the species occurs. In all paradigms except (e), some kind of niche or 

dispersal differentiation is necessary to achieve coexistence. In (c) and (d) a competitively 

heterogeneous environment exists.   
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(Why) does cryptic diversity matter?  

Cryptic species have been found worldwide in many different taxa (Pfenninger & Schwenk, 

2007) and are also being discovered within well studied taxa and geographic regions 

(Bowen, et al., 1993; Mayer & Von Helversen, 2001; Rohland, et al., 2010). Detecting 

cryptic species is in the first place important for biologists studying evolution (see above) 

and ecology (Hebert, et al., 2004). Failing to recognize cryptic species may, however, also 

lead to an underestimation of diversity and an overestimation of the geographical ranges 

of individual species (Prada, et al., 2014), which may have important consequences for our 

understanding of how species adapt to changing conditions (Leavitt, et al., 2013), and for 

implementation of efficient biological control systems, for health issues and for the 

identification of invasive species (Bickford, et al., 2007). It may also have repercussions for 

conservation biology.  

Conservation biology addresses the biology of species, communities, and ecosystems that 

are disturbed, either directly or indirectly, by humans and its main goal is to preserve 

biodiversity (Soulé, 1985). Ecosystems are experiencing accelerating loss of populations and 

species (Solan, et al., 2004; Díaz, et al., 2006; Worm, et al., 2006). The discovery of cryptic 

species also reveals a potentially significant underestimation of the true scale of this 

biodiversity loss (Bálint, et al., 2011). In aquatic insects, for instance, different cryptic 

species were discovered in a species that was supposed to have a very broad geographical 

distribution. Predicted future range contractions ï as a result of global change ï will thus 

likely be accompanied by severe losses of cryptic species (Bickford, et al., 2007). This may 

in turn have consequences for ecosystem services.  

Ecosystem services are defined as benefits that mankind obtains from ecosystems and 

consist of supporting services (nutrient recycling, primary production, soil formation), 

provision services (food, water, raw materials, medicinal resources, é), regulating services 

(climate regulation, water purification, waste decomposition, pest an disease control, é.) 

and cultural services (recreational, science, é) (Millennium Ecosystem Assessment, 2005). 

Ecosystem services such as resource gains, recovery potential, ecosystem stability and water 

quality have already been shown to decrease with declining diversity (Loreau, et al., 2001; 

Covich, et al., 2004; Worm, et al., 2006). The role of cryptic species in this is largely 

unknown. On the one hand each cryptic species may be individually important for ecosystem 

services. Very similar species of decapods, for instance, have differential effects on energy 

flows and nutrient cycling (Covich, et al., 1999; Norling, et al., 2007). On the other hand, 
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plant vegetation studies have shown that the role of one species can be easily taken over by 

other functionally similar species (Burrows, 1990).  

Different cryptic species may also require different conservation strategies (Bickford, et 

al., 2007). Knowledge of the geographical patterns of diversity is necessary for identifying 

biodiversity hotspots, which may consequently receive a special conservation status 

(Meegaskumbura, et al., 2002). In addition, endangered species might be complexes of 

multiple cryptic species, that are even rarer or have more contracted ranges than previously 

thought (Pfenninger & Schwenk, 2007); such insights may have repercussions for their 

conservation status (Funk, et al., 2011), as already demonstrated in frogs and lemurs (Bowen, 

et al., 1993; Ravaoarimanana, et al., 2004).  

Invasive species endanger local biodiversity and should be controlled (Clavero & García-

Berthou, 2005). Cryptic species may complicate this rule. First of all, the decline of an 

endemic species may remain unobserved if the invasive species is very similar to the 

endemic one. The European blue mussel was able to invade northern California and caused 

declines in the population of the native Mytilus trossulus without being noticed, due to the 

morphological similarity of the species (Geller, 1999). Spartina anglica ï an example of 

recent sympatric speciation, where hybridization led to a new successful invasive species 

(Ellstrand & Schierenbeck, 2000) ï was able to invade territory that its parental species 

cannot colonize and rapidly displaced other native species (Huxel, 1999). Moreover, 

different cryptic lineages within an invasive species, for instance in the drosophilid species 

Zaprionus indianus (Yassin, et al., 2008), may also require different strategies for control, 

because important differences in life histories exist between the species. 

Single species are often used as a bio indicator of pollution, heavy metal contamination 

or environmental degradation. The use of one species will be more accurate than relying 

on a complex of species (for instance cryptic species) (Geller, 1999). Cryptic species may 

exhibit unique responses to, for instance, heavy metals, suggesting differential tolerances 

at contaminated sites (as seen for marine copepods (Rocha-Olivares, et al., 2004)). It is thus 

extremely important to know exactly which species one is monitoring. The blue mussel 

(Mytilus edulis) is a commercially important species and is frequently used to monitor 

pollution. The morphospecies comprises three different cryptic species, with different life-

history traits. Ignoring these differences may lead to inaccurate biomonitoring results, which 
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may result in human consumption of high levels of heavy metals or other pollutants (Geller, 

1999; Bickford, et al., 2007).  

Nematodes: our model group and species 

Increasing our understanding about differences in ecology of cryptic species and their 

coexistence is important and a wide range of organisms may be used to study this. 

Roundworms are a group within the Protostomia ï Ecdysozoa. Their body length can range 

from 0.3 mm to over 8 meters and they can be parasitic or free-living. Estimates of global 

species diversity of free-living nematodes range between 500,000 to 1 million for terrestrial 

species (Briggs, 1994) and 105 to 108 for marine species (Coomans, 2002; Lambshead & 

Boucher, 2003; Appeltans, et al., 2012). True diversity may even be higher, as these 

estimations are largely ignoring cryptic diversity. Nematodes have a digestive canal which 

extends from the mouth to the anus and possess digestive, nervous, excretory, and 

reproductive systems (always sexual), but they lack a discrete circulatory or respiratory 

system (Malakhov, 1986). Nematodes have successfully adapted to nearly every 

ecosystem (Yeates & Bongers, 1999; Lambshead, 2004; Maslen & Convey, 2006; Van 

Gaever, et al., 2006).  

Species identification in nematodes traditionally relies on morphological features, which 

lead to species characteristics often based on average measurements from one population of 

individuals (Powers, 2004). Very often, only a few morphological characters can be used for 

identification (Blouin, 2002). For this reason, species boundaries in nematodes may be 

more easy to detect with DNA-based diagnostic methods (Powers, 2004). Integrative 

taxonomists are now using combinations of molecular sequences, multivariate 

morphometric analyses and behavioural experiments (such as interbreeding tests) (Fonseca, 

et al., 2008). These combined methodologies, together with sampling a broader range of 

habitats, have led to a strong increase of newly described nematodes. In the last decades, 

more than half of the known species diversity in Caenorhabditis was discovered by 

collecting worldwide samples of rotten fruit (Kiontke, et al., 2011) and by an increased use 

of genetic techniques (Felix, et al., 2014). Cryptic species have been discovered in other 

terrestrial (e.g. Kanzaki, et al., 2012), parasitic (Obendorf, et al., 1991; Chilton, et al., 1995; 

Hoberg, et al., 1999; De Ley, et al., 2007) freshwater (Ristau, et al., 2013) and marine 

nematodes (Derycke, et al., 2005; 2007a; Bhadury, et al., 2008; Derycke, et al., 2008a; 

Fonseca, et al., 2008; Derycke, et al., 2010). The marine realm (next to tropical rainforests) 

http://nematode.unl.edu/digestive_system.html
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comprises some of the most species-rich habitats on Earth, which may act as a breeding 

ground of cryptic speciation, because many of the organisms are involved in specialized 

interspecific interactions (Bickford, et al., 2006). Moreover, marine species rely on chemical 

cues for these interspecific interactions and also for mate choice (Derycke, et al., 2013). 

Selection on these non-visual traits may lead to cryptic speciation (Willig, et al., 2003; 

Bickford, et al., 2007). Moreover, heterogeneity in time, topography, chemistry, 

oceanography, é renders the marine environment a very heterogeneous environment 

(Kaiser, et al., 2005).  

In addition to the high global marine species diversity, local diversity is generally also high 

(usually several tens of species m-2) for nematodes (Lambshead & Boucher, 2003). 

Nematode communities mostly contain many similar species belonging to the same 

functional groups (Bongers & Bongers, 1998). Finally, evidence for co-occurring cryptic 

nematode species in marine and terrestrial environments (Derycke, et al., 2005; 2007a; 

Derycke, et al., 2008b; Derycke, et al., 2010; Kiontke, et al., 2011) was found. Interactions 

between different nematode species are common and both facilitative ï i.e., the presence of 

one species improves the occurrence of another ï and inhibitory interactions exist (e.g. 

Ilieva-Makulec 2001; De Mesel, et al. 2006; dos Santos, et al. 2009). All these aspects render 

nematodes an ideal system to study mechanisms allowing coexistence of taxonomically 

and/or functionally related species, including cryptic species. 

Many coexistence paradigms rely partly on dispersal (see above). But is dispersal common 

in marine nematodes? Small eukaryotic species (<1 or a few mm) are thought to lack 

geographical barriers because of their minute size and large populations that facilitate their 

dispersal (Ġlapeta, et al., 2006). This dispersal is mostly passive, with the water flow 

following erosion from sediments or through rafting on algae (Thiel & Gutow, 2005). 

Nematodes may anchor themselves to the algal surface by secretions or caudal glands and 

even their eggs may be glued to the algal surface (Micoletzky, 1922). The dauer stage of 

nematodes may also be important in this stage, as dauer larvae are able to resist the harsh 

conditions during the dispersal event (Burnell, et al., 2005). Dispersal is not always a 

completely passive process: some nematodes are capable to partly control  their settlement 

after dispersal (Ullberg & Olafsson, 2003; Schratzberger, et al., 2004; Guilini, et al., 2011; 

Lins, et al., 2013; Mevenkamp, et al., 2016). Active dispersal over large distances is 

considered non-existent because of their small size, their poor swimming capacity and the 

lack of pelagic larvae (Boeckner, et al., 2009). Nevertheless, nematodes may migrate 
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laterally through sediments (Schratzberger, et al., 2004; Ullberg, 2004; Gallucci, et al., 2008) 

and some evidence for active swimming has been found in nematode species from tidal flats 

(up to distances of >1m) (Thomas & Lana, 2011). Such passive and active dispersal, may be 

important to avoid unfavourable conditions, such as inter- and intraspecific competition and 

may enhance coexistence. Hence, studying dispersal in nematodes may be very interesting 

not only to explain some of the coexistence paradigms, but also to increase our knowledge 

of dispersal in meiofauna. 

The Litoditis ñmarinaò species complex  

The model species complex of this PhD research is Litoditis marina (Sudhaus, 2011), 

formerly known as Rhabditis marina Bastian, 1865 or Pellioditis marina (Bastian, 1865) 

Andrassy, 1983. At least ten cryptic species have been found within this morphospecies 

complex (Derycke, et al., 2008b), for this reason further reffered to as Litoditis ñmarinaò or 

L. ñmarinaò. At the time of the discovery of this cryptic diversity in L. marina, the 

morphospecies was still named Pellioditis marina, hence the Pm abbreviations used to label 

each cryptic species. Four of them (Pm I, Pm II, Pm III and Pm IV) frequently occur along 

the south-western coast and estuaries of The Netherlands. These species show concordant 

molecular divergences at nuclear and mitochondrial loci  (Derycke, et al., 2008a; 

Fonseca, et al., 2008). Pm I and Pm IV are the two most closely-related cryptic species 

(Derycke, et al., 2005)(Fig.3). The species lack single distinctive morphological characters 

(Fig. 4), but a multivariate morphometric analysis already showed that the cryptic species 

are not morphologically identical (Fonseca, et al., 2008). Moreover, breeding experiments 

between different species of the cryptic species complex did not result in any offspring 

(Fonseca, et al., 2008; Veltjen, 2012).  
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Figure 3: Phylogeny of Litoditis ñmarinaò cryptic species. Maximum parsimony trees for 

(A) COI and (B) ribosomal ITS sequences. The 3 bootstrap values on branches represent 

(from left to right) maximum parsimony, neighbour-joining and maximum likelihood. Pm I, 

Pm II, Pm III and Pm IV: 4 clades; congener Pellioditis ehrenbaumi (PE) was used as 

outgroup species (senior synonym: Buetschlinema nidrosiense) (Derycke, 2005).  

 

Figure 4: Drawings of the four cryptic species of Litoditis ñmarinaò (Fonseca, et al., 2008): 

(a-c) Pm I, (d-e) Pm IV, (f-h) Pm III, (i -j) Pm II. Upper part of the body is illustrated in a, d, 

g and i. The tail of a male in c,e,h and j and the tail of a female in b and f. Scale bar: 60 µm..  
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Litoditis ñmarinaò belongs to the same family (Rhabditidae) as the well-studied model 

organism Caenorhabditis elegans and is almost as easy to handle and cultivate. Its fast 

generation time (4 to 5 days) and high reproductive output make it a good model organism 

to study several generations in a short time. All species are gonochoristic and 

parthenogenesis has hitherto not been observed. The life cycle consists of four juvenile stadia 

and a metabolically less active but behaviourally ónormalô dauer larva may be formed when 

conditions turn unfavourable (Bongers, 1990).  

Litoditis ñmarinaò is a bacterivorous nematode living on both living and decaying algae 

in the littoral zone (Moens & Vincx, 2000a). They can reach huge abundances on piles of 

macroalgal wrack washed ashore on sheltered beaches (Somerfield & Moens, pers. observ.), 

but are also common and abundant on sheltered intertidal stands of living macroalgae in 

estuarine habitats. These typically comprise Fucus holdfasts on rocks scattered in muddy or 

fine sandy sediments or at the basis of piers or dykes (see fig. 5a). Such algal thalli are often 

covered with microbial biofilms and with Enteromorpha and have variable amounts of 

sediment embedded in the biofilms. Most of our observations stem from such living algal 

stands rather than from algal piles washed ashore, although an earlier study focused on the 

colonization-extinction dynamics of Litoditis marina on stranded wrack (Derycke, et al., 

2007). The wrack is a transient habitat with a variable ólife spanô and abiotic characteristics 

(including hydrodynamics). The living algal stands are a more stable habitat: they are present 

whole year round in relatively stable abundances, but the biofilms and the abiotic 

environment are undoubtedly also quite variable in (micro)space and time. Litoditis may 

play a role in ecosystem functioning in both these habitats, because it may affect bacterial 

populations which determine decomposition, but also microbial biofilm formation 

(Freckman, 1988; Hubas, et al., 2010). Bacterial communities on the algae are the most 

important food sources for L. ñmarinaò, but differ temporally and between species of algae 

(Lachnit, et al., 2011). Estuarine intertidal environments are typically very heterogeneous 

environments, with salinity and temperature, among other factors, showing fluctuations at 

different temporal scales, from daily to seasonal (Moens & Vincx, 2000b; Kaiser, et al., 

2005), but also spatially. Salinity and temperature can even vary between two nearby algae 

patches because of variation in the actual topography of the algal holdfast (for instance in 

shallow gullies and puddles, or at slightly different levels in the intertidal). They may even 

vary within a single algal patch or holdfast, because the macroalgae themselves also present 

a heterogeneous environment: the deterioration of decomposing algae creates temporal 
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variability in resource availability, nutritional quality, and bacterial assemblage 

composition, but also spatial variability in abiotic fluctuations, such as temperature, salinity 

and desiccation. The same holds for holdfasts of living algae, where thalli may cover and 

shelter other thalli and thus provide different conditions with different ranges of variation. 

Hence, the degree of daily variation in temperature, for instance, may differ between, but 

even within single algal patches. Moreover, at one location, high abundances of algae ï

mostly in dense patches- can be found (fig. 5a). The macroalgae create in this way a spatially 

heterogeneous environment, because nematodes can for instance hide in different levels of 

piles of algal wrack or even in different structural features such as receptacula and floating 

bladders. The very dynamic environment described above, makes it extremely difficult for 

a population to reach an equilibrium state, certainly on decomposing algae. On the stands of 

living algae, however, populations may be more stable. Nevertheless, the fluctuations in 

abiotic conditions and conditions of the microbial biofilm can also result in continuously 

changing populations.  

It is common to find two or three of the cryptic species Pm I, Pm II, Pm III and Pm IV co-

occurring on a local (one specimen of macroalgae; De Meester, et al., unpublished data) 

and regional scale (on different specimen from the same location, Derycke, et al., 2006, see 

fig.5b). Moreover, differences in species composition were found between different 

locations along a salinity gradient in the littoral zone of the south-western coast and estuaries 

of The Netherlands, indicating the possible influence of abiotic conditions on species 

composition (Derycke, et al., 2005). Species abundances also differed depending on the 

seasons, which may also indicate that abiotic conditions, such as temperature, influence the 

cryptic species. In the fast changing and disappearing (as a consequence of the deterioration 

of decomposing algae) habitat colonization to new algae patches is extremely important, 

and was already proven to happen faster when other algae patches were nearby (Derycke, et 

al., 2007b).ñ 
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                                                A) 

 

B) 

Figure 5: A) picture of a typical habitat of L. ñmarinaò (Paulina mud flat, WesterScheldt, The 

Netherlands, February 2015): one specimen of macroalgae represents the local scale, different algal 

patches represent the regional scale. B) Distribution of 4 cryptic species of Litoditis ñmarinaò (Pm 

I, Pm II, Pm III and Pm IV) along the Belgian coastline and the Scheldt estuary in The Netherlands. 

For each location, a stacked column graph indicates the percentage of each species occurring at a 

regional scale (different algae patches in one location) in spring 2003, summer 2003, autumn 2003 

and winter 2004. Note the small proportion of Pm3 during winter 2004 in Br. Sample 

abbreviations: Ni = Nieuwpoort, Bl = Blankenberge, Br = Breskens, Pa = Paulina, Ze = Zeedorp, 

Kr = Kruispolderhaven, Sl = Sloehaven, Os = Oosterschelde, Gr = Grevelingen (from Derycke, et 

al., 2006).  
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Outline of the thesis 

In this study our main aim was to investigate the coexistence of four cryptic species of 

Litoditis ñmarinaò (Pm I, Pm II, Pm III and Pm IV) and interspecific interactions between 

them. More detailed studies on ecological characteristics of the species may help to reveal 

some of the mechanisms behind their co-occurrence in natural environments.  

In chapter II  we hypothesised that species composition will not differ when interspecific 

interactions between the species were present and that salinity will not change these 

interactions. Competition between the species is investigated in a closed environment 

without dispersal possibilities. If competition between the species occurs, there will be no 

complete niche differentiation possible in our experimental set-up. Moreover, if salinity 

changes competitive abilities, there is a heterogeneous competitive environment for the 

organisms, and spatial storage or mass-effects paradigms may be important to achieve 

coexistence. The results of this chapter have been published as ñSalinity effects on the 

coexistence of cryptic species: A case study on marine nematodesò (De Meester, N., 

Derycke, S., Bonte, D. & Moens, T. (2011) Marine Biology 158: 2717-2726). 

Cryptic species of L. ñmarinaò show sympatric distributiuons in the field, so some 

mechanism(s) for their coexistence have to exist. In the next three chapters we will focus 

more on the niche theory as a possible coexistence mechanism. Our hypothesis in chapter 

III  is that the different cryptic species do not differ in their life-history traits -such as juvenile 

development time, fecundity and total population development- and their response on abiotic 

factors (salinity and temperature). In this way we tested if  niche differences between the 

species are absent. If niche differences do exist but also some niche overlap is found, a kind 

of spatial storage paradigm may be possible. These results have been published as 

ñTemperature and salinity induce differential responses in life histories of cryptic nematode 

speciesò (De Meester, N., Derycke, S., Rigaux, A. & Moens, T. (2015) Journal of 

Experimental Marine Biology and Ecology 472: 54-62). 

In chapter III, constant abiotic conditions were tested, which does not reflect the natural 

conditions in which the nematodes live. For this reason, daily fluctuating temperatures were 

compared with constant temperatures in chapter IV. Moreover, environmental fluctuations 

may be important to achieve coexistence. We hypothesised that temperature fluctuations 

did not have an effect on population performance compared with constant temperature and 

that temperature fluctuations did not influence interactions between the cryptic species. The 



 GENERAL INTRODUCTION, AIMS AND OUTLINE OF THE THESIS 

23 

results of this chapter were published as ñDaily temperature fluctuations alter interactions 

between closely related species of marine nematodesò (De Meester, N., dos Santos, G.A.P., 

Rigaux, A., Valdes, Y., Derycke, S. & Moens, T. (2015) PLoS One 10: e0131625).  

In chapter V we investigate niche differentiation in light of the resource use of the 

different species. Morphospecies that have been seen as dietary generalists are often 

complexes of cryptic species that may be dietary specialists (Bickford, et al., 2007). These 

differences may be subtle and not yet discovered (Ortells, et al., 2003) and may contribute 

to coexistence. Next Generation Sequencing on the microbial diversity within nematode 

organisms was conducted to investigate possible differences in food resource use of the 

species. We tested the hypothesis that the microbiome of cryptic species do not differ in 

microbial diversity. For this, we investigated differences in both the microbiome ósensu 

strictoô, containing the commensal bacteria in the gut and on the cuticle of the nematodes, 

and the microbiome ósensu latoô, which comprises the bacteria also related to food. The 

results of this chapter are in press as ñCoexisting cryptic species of the Litoditis marina 

complex (Nematoda) show differential resource use and have distinct microbiomes with high 

intraspecific variabilityò. (Derycke, S., De Meester, N., Rigaux, A., Creer, S., Bik, H., 

Thomas, W.K. & Moens, T. (2016) Molecular Ecology : doi: 10.1111/mec.13597)).  

While in the previous chapters, the experiments were always conducted in environments 

without dispersal oppurtunities, the next two chapters incorporate active dispersal. 

Dispersal is an important factor in all metacommunity paradigms (regional coexistence), as 

species may control when they are leaving a patch (for instance when interspecific 

interactions become too high). In chapter VI , we hypothesised that cryptic species do not 

show differences in their active dispersal abilities. The results of this chapter have been 

published as ñDifferences in time until dispersal between cryptic species of a marine 

nematode species complexò (De Meester, N., Derycke, S. & Moens, T. (2012) PloS One, 7, 

e42674).  

In chapter VII  we test whether dispersal possibilities can result in coexistence of the 

cryptic species and what the exact drivers of dispersal are for these species when they occur 

together. In an experimental set-up we combined all four cryptic species but gave them the 

chance to disperse away from the interspecific interactions. The tested hypotheses were that 

dispersal will not have an influence on the assemblage dynamics and that food availability 

and intraspecific and interspecific competition do not alter the moment of dispersal. These 
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results have been published as ñActive dispersal is differentially affected by interȤ and 

intraspecific competition in closely related nematode speciesò (De Meester, N., Derycke, S., 

Rigaux, A. & Moens, T. (2015) Oikos 124: 561-570).  

If there are niche differences between the cryptic species, these could potentially translate in 

functional differences, in which case we may expect that cryptic species could play different 

roles in ecosystem functioning. Because L. ñmarinaò can substantially impact 

decomposition processes (see above), we hypothesised in the last regular part of this work 

(chapter VIII ) that different cryptic species have no different functional roles in 

decomposition, and as a consequence in ecosystem functioning. We did so by studying the 

effect of the different cryptic species on the rate of loss of organic matter from decomposing 

algae and on the activity of two key extracellular enzymes involved in the degradation of 

this phytodetritus. These results are accepted as ñCryptic diversity and ecosystem 

functioning: a complex tale of differential effects on decompositionò (De Meester, N., 

Gingold, R., Rigaux, A., Derycke, S. & Moens, T., Oecologia). 

Finally, in the last chapter we integrate and discuss the obtained results on niche 

differentiation, competition, dispersal differences and effect on decomposition (overview in 

Table 1) to try to build a conceptual/comprehensive framework on how coexistence may be 

achieved for cryptic species with sympatric distributions.  

Table 1: Overview of the different topics and specifications of the different chapters of the 

PhD thesis.  

Main topic Specification Chapter 

Competition Interspecific interactions in closed microcosms and the 
effect of salinity on these interactions 

Chapter II 

Niche differentiation Life-history traits at different salinities and temperatures Chapter III 

Effect of fluctuating versus constant temperature on 
population performance and interspecific interactions 

Chapter IV 

Resource use Chapter V 

Dispersal Dispersal differences Chapter VI  

Effect of dispersal on competition Chapter VII 

Ecosystem functioning Effect on the decomposition process Chapter VIII 
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CHAPTER II 

 

COMPETITION BETWEEN CRYPTIC SPECIES 

IN A HOMOGENEOUS ENVIRONMENT 

 

 

Slightly modified from: 

De Meester, N., Derycke, S., Bonte, D. & Moens, T. (2011) Salinity effects on the 

coexistence of cryptic species: A case study on marine nematodes. Marine Biology, 158, 

2717-2726.
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Abstract 

The coexistence of four cryptic species of Litoditis ñmarinaò (Nematoda: Rhabditidae) at 

small geographical scale challenges ecological competition theory and was therefore studied 

in the laboratory at two different salinities, where their performance in combined cultures 

was compared to that in monospecies cultures. We found that three of the four cryptic species 

were able to coexist, but that interspecific interactions (competition and facilitation) were 

common. Salinity had an effect on these interactions, with a shift from contest to scramble 

competition. This shift may result from an increased population development of two of the 

four species at the lower salinity in the monospecific cultures. This experiment demonstrates 

that abiotic conditions may play an important role in achieving coexistence between cryptic 

species and can alter the interspecific interactions between them. 

Introduction  

Behind the morphological similarity of many species hides considerable genetic diversity 

(e.g. Vrijenhoek, et al., 1994; Williams, et al., 2006; Fouquet, et al., 2007). This cryptic 

diversity implies that biodiversity in ecosystems is significantly higher than previously 

thought (Bickford, et al. 2007) and the consequences on ecosystem functioning are poorly 

understood. The coexistence of cryptic species at local scales (e.g. Trewick, 1998; Ortells, 

et al., 2003; Zhang, et al., 2004; Derycke, et al., 2006; Wellborn & Cothran, 2007) challenges 

traditional ecological competition theory, which implicitly expects competition to be most 

severe between closely related species (Darwin, 1859; Webb, et al., 2006; Violle, et al., 

2011), leading to competitive exclusion under constant environmental conditions (Crombie, 

1947; Webb, et al., 2002). Neutral dynamics, where species can persist together through non-

equilibrium dynamics (Hubbell, 2005), and niche partitioning, where species coexistence is 

explained by differences in phenotype (Hutchinson & MacArthur, 1959; Hughes, et al., 

2008), are two possible mechanisms which may explain coexistence of closely related 

species and together influence community structure (Leibold & McPeek, 2006). Whereas 

neutral dynamics ï although it can potentially explain coexistence at short time scalesï is 

usually considered important with respect to long-term coexistence (Chesson, 1991), niche 

partitioning remains the most plausible explanation for short-term coexistence. The absence 

of obvious phenotypic and/or ecological differences between cryptic species at first glance 

renders niche differentiation unlikely. Nevertheless, despite the fact that ecological and 

functional differences between cryptic species are largely unknown, closely related 
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sympatric species can display different environmental preferences (Knowlton, 1993), and 

hence ecological heterogeneity may facilitate the coexistence of the cryptic species (Leibold 

& McPeek, 2006). In environments with fluctuating dynamics, competitively inferior 

species may persist because they are temporarily favoured by specific conditions (Begon, et 

al., 1996). Under these circumstances, the results of interspecific interactions will depend on 

fluctuations in the abiotic (Crombie, 1947; Dunson & Travis, 1991) or biotic environment 

(e.g. food availability, predation, intraspecific competition (Jensen, et al., 2001)). 

Cryptic speciation has recently been discovered in marine nematodes (e.g. Derycke, et al., 

2005; 2007a; Bhadury, et al., 2008), the most abundant metazoan phylum in marine 

sediments (Coomans, 2000). The high diversity of species at both global (estimates ranging 

from 105 to 108 nematode species worldwide (Lambshead & Boucher, 2003)) and local 

(usually several tens of species m-2) scales, their roles in decomposition processes (De Mesel, 

et al., 2006), and the different functional ecology of the species contribute to the importance 

of nematodes for ecosystem functioning (Coull, 1999). The coexistence of closely related 

species is important for the long-term stability of ecosystem functioning (Ettema, 1998), as 

ecologically similar species may compensate for each other when a species goes extinct (i.e. 

the redundancy hypothesis (Walker, 1992a)). Hence, coexistence of cryptic species may be 

important for ecosystem functioning. The marine nematode Litoditis ñmarinaò (Sudhaus, 

2011) ï previous known as Rhabditis (Pellioditis) marina (Andrassy, 1983) (henceforth 

referred to as L. ñmarinaò) ï is a common bacterivore associated with decomposing macro-

algae in the littoral zone of coastal and estuarine environments, a typically heterogeneous 

habitat, both temporally and spatially (Moens & Vincx, 2000a). Within the morphospecies 

L. ñmarinaò at least 10 cryptic lineages can be found (Derycke, et al., 2008a). A detailed 

morphological study of four of these cryptic species (Pm I, Pm II, Pm III and Pm IV, not yet 

formally described) revealed significant morphological divergences which, however, only 

become apparent through a multivariate character analysis. Hence, there are no single 

distinguishing characters which could be used in a dichotomous identification key. These 

morphological divergences correspond well with the molecular divergences found at three 

independent loci (COI, ITS, D2D3) (Derycke, et al., 2008a; Fonseca, et al., 2008). No 

crossbreeding was observed between the two most closely related of these cryptic species 

(Pm I and Pm IV), hence it is unlikely that more distant species could hybridize (Fonseca, et 

al., 2008). Information about differences in ecology between these cryptic species, however, 

remains scarce. Preliminary studies indicate some differences in the food preferences of 
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these cryptic species, Pm I and Pm IV exhibiting very similar preferences for a number of 

bacterial strains, but differing in these preferences from Pm II and Pm III (Derycke, 

unpublished data). More detailed information on their feeding ecology, as well as 

information about their fitness under varying environmental conditions, including salinity, 

hitherto remains unknown.  

These four cryptic species frequently occur along the south western coast and estuaries of 

The Netherlands, and sympatric occurrence of two or more of these species in point samples 

is rule rather than exception (Derycke, et al., 2006). Moreover, these four cryptic species 

display fluctuating abundances which may be linked to seasonal dynamics in the 

environment. These fluctuations may for instance be linked to differential tolerances for 

salinity and/or temperature conditions, two of the most conspicuous environmental variables 

in tidal environments. If these temporal dynamics can be explained by differential tolerances 

of the cryptic species to abiotic conditions, coexistence of these cryptic species would be 

feasible (Gómez, et al., 1995). Even if the cryptic species show considerable overlap in their 

environmental tolerances, abiotic variation can still be one of the factors shaping 

communities by influencing interspecific interactions between the species (Lowe, et al., 

2006). 

In this research, effects of salinity on the coexistence of four cryptic species of L. ñmarinaò 

have been studied (Pm I, Pm II, Pm III and Pm IV). Salinity is one of the determinant factors 

in nematode diversity and community structure (Heip, et al., 1985), but its effects are mostly 

considered on a broader geographical scale. At a local scale, daily tidal fluctuations occur, 

with the highest salinity variations between low and high tide in the mid-estuary (Kaiser, et 

al., 2005). There are also seasonal variations, which in the North Sea may range between 19 

and 36, with lower salinities during early spring and higher salinities during summer (Tietjen 

& Lee, 1972). Understanding effects of changes in salinity may also be important in view of 

climate change and its effect on community structure. Melting ice caps may result in water 

level rise and lower salinity (Dailidiene & Davuliene, 2006). Evidence for differential 

salinity optima in the cryptic species of L. ñmarinaò can be derived from natural populations 

(Derycke, et al., 2006; 2008b), but is ambiguous. To study the effect of salinity on 

interspecific interactions, we need to investigate (a) differential salinity optima of the 

different cryptic species in absence of other species, (b) the effect of interspecific 

interactions on the dynamics of the different cryptic species, and (c) the interaction of the 

abiotic (salinity) and biotic (interspecific interactions) factors. If differential salinity optima 
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exist in the cryptic lineages of L. ñmarinaò, we may expect that (a) cryptic species show 

different population abundances at different salinities, (b) these differences in abundances 

lead to differences in interspecific interactions, and (c) the outcome of these interactions is 

at least partly dependent on salinity.   

Materials & Methods 

Nematode cultures 

Cultures of the different cryptic species were initially raised from single gravid females to 

ensure monospecificity, and maintained on sloppy agar media (Moens & Vincx, 1998) under 

standardised conditions (temperature of 20°C; salinity of 25) with unidentified bacteria from 

their habitat as food. Cholesterol (100 µL L-1) was added as a source of sterols, because 

nematodes on a purely bacterial diet appear incapable of de novo synthesis of specific sterols 

(Vanfleteren, 1980). Nematodes for the experiments were harvested from cultures in 

exponential growth phase.  

Monospecific experiments 

To study the effect of salinity on the population dynamics of the different cryptic species, 

monospecific cultures were reared in Petri dishes (5 cm inner diameter) with 4 mL of 1% 

bacto agar medium prepared with artificial seawater (Dietrich & Kalle, 1957) with a salinity 

of, respectively, 25 and 15. The pH of the medium was buffered at 7.5 ï 8 with TRIS-HCl 

in a final concentration of 5mM. The addition of the buffer and the salt concentration of the 

agar increase the initial salinity by ca 1.2 units. Frozen-and-thawed Escherichia coli (strain 

K12) were used as food source and added every tenth day (50 µL of a suspension with a 

density of 3x1010 cells ml-1). 

The monospecific cultures were inoculated with five adult males and five adult females of a 

single cryptic species. Nematodes were manually picked up from the stock cultures, bathed 

in clean artificial seawater (salinity of 25) for one hour and placed randomly on the Petri 

dishes. Every treatment (i.e. lower and higher salinity) was replicated four times for every 

cryptic species. During the first eight days (representing at least one and at most two 

generations in all the treatments and species) the total numbers of adults, juveniles and eggs 

were counted daily. Afterwards, population dynamics were examined every fourth or fifth 

day until day 35 of the experiment, when a decrease in abundances of adult nematodes in all 

replicates ï except one ïoccurred. This decrease probably resulted from a combination of 
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crowding and food depletion (dos Santos, et al., 2008). On the 15th and the 25th day the entire 

population was transferred to a larger Petri dish (resp. 8 cm i.d. and 15 cm i.d.) with new 

agar medium and proportional food availability.  

Combined experiments 

Interspecific interactions were tested by the use of combined cultures, in which all four 

cryptic species were simultaneously inoculated at equal numbers (five adult males and five 

adult females of each cryptic species). These combined cultures were prepared as described 

above, with the exception of food provision, agar medium and size of the microcosms: food 

(bacteria) was not added separately at a fixed concentration but allowed to grow on the agar 

medium. For this purpose, a mixture of bacto and nutrient agar in a 4:1 ratio was used. This 

medium ensures sufficient bacterial growth throughout (most of) the experimental test 

period, and also eliminates the need for addition of cholesterol (Moens & Vincx, 1998). Final 

concentration and other properties of the agar medium were the same as in the monospecific 

cultures and in the stock cultures of the four cryptic species. Food was sufficiently present 

and populations declined at the same time (around 35 days) in all treatments. This 

observation combined with the results of previous experiments (Moens, et al., 1996; Moens 

& Vincx, 2000b) in which monospecific populations showed similar adult abundances and 

generation times when cultivated on bacto/nutrient agar or on bacto agar with addition of a 

fixed amount of food, ensure that the differences in culture conditions had a negligible effect 

on the food availability and on nematode population growth.   

Population/assemblage dynamics were studied every fifth day of the experiment by counting 

adults and juveniles. On every sampling occasion, ca. one third of the adults of each replicate 

was removed by handpicking and stored in acetone (70% - 95%) for later genetic 

identification. The repeated removal of adults was expected to have only a moderate impact 

on the population dynamics, as the removal was done randomly and only a few gravid 

females could already produce a substantial population due to the short generation time and 

the high reproductive success of the species.  

Identifications of the cryptic species were initially performed by use of restriction enzyme 

analyses (Fonseca, et al., 2008) on the samples of 5, 10 and 25 days. Meanwhile, we 

developed a novel and faster qPCR-based method (Derycke, et al., 2012) and used this for 

the identification of nematodes from the samples of the 15th and the 35th day of the 

experiment. First a DNA extraction was performed, which was similar for both identification 
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methods. Individual nematodes were handpicked from the experimental cultures, transferred 

to sterile distilled water to remove traces of agar and then transferred to a 0.5 ml Eppendorf 

tube containing 20 ɛl lysis buffer (50 mM KCl, 10 mM Tris pH 8.3, 2.5 mM MgCl2, 0.45 % 

NP 40, 0.45 % Tween20). Tubes were frozen for 10 min at ï20 °C, after which one µl of 

proteinase K (10 mg mlï1) was added. Lysis took place in an Eppendorf Mastercycler 

gradient PCR machine at 65 °C for 1 h followed by 10 min at 95 °C. Finally, the DNA 

samples were centrifuged for 1 min at maximum speed (14000 rpm). Subsequently, 1 ɛl was 

used as template for qPCR. Identification of the four species with qPCR was done using the 

Lightcycler 480 System and the Lightcycler 480 SYBR Green I master kit (Roche 

Diagnostics). Species-specific primers (Table 1) were developed in the ribosomal internal 

transcribed spacer region (ITS). Following optimization of primer concentrations and 

cycling conditions, the qPCR mixture was prepared for a 20 ɛl reaction volume on 96 well 

plates using 10 ɛl LightCycler 480 SYBR Green I Master 2X solution, 3 ɛl PCR-grade water, 

6 ɛl of each primer (final concentration of 1 ÕM for Pm I and Pm III, 500 nM for Pm II and 

200 nM for Pm IV) and 1 ɛl of template DNA. The thermal cycling protocol comprised an 

initial denaturation for 10 min at 95 °C followed by 40 cycles of denaturation for 10 s at 95 

°C, annealing for 20 s at 60 °C and extension for 20 s at 72 °C.  

Table 1: Primer sequences for the four cryptic species (Pm I, Pm II, Pm III and Pm IV) of L. 

ñmarinaò used in the qPCR protocol (Tm= melting temperature; GC= guanine-cytosine-

content). 

Target Primer sequence (5' Ÿ 3') 
Amplicon 
lenght Tm (°C) GC (%) 

Concentration 
(nM) 

Pm I F: CGCTGACCTTCACTGGAATTT 135 53 45.45 1000 

 R: CCGACTCCGGTTCAACTCA  53 57.89  

Pm II F: GATCATCGCTGACCTTGG 294 50 55.56 500 

 R: CGCACCATGTTGCCATGA  50 55.56  

Pm III F: AGCGGGGTGAAAGCCCA 410 52 64.71 1000 

 R: CTGAACTAGAATGGGTACATTCA  52 39.13  

Pm IV F: CGATGGATGGTTTTCGCG 134 50 55.56 500 

 R: GTGTATTGACGCTGTCCGTT  52 50.00  
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Data analyses 

Only data from 0, 5, 10, 15, 25 and 35 days of the monospecific cultures were retained for 

the statistical analysis in order to create a balanced design with the combined culture 

experiment. Furthermore, data of the monospecific cultures were randomly summed to 

create four fictitious assemblages for every treatment, where the four cryptic species are 

simultaneously present without affecting each otherôs population development. The total and 

individual nematode speciesô abundances at the start of the experiments were thus the same 

in the fictitious assemblages and in the combined cultures. This enables direct comparison 

of assemblage structure and abundance with the combined cultures and hence assessment of 

the interspecific interaction effects in our experiment. For this purpose, a Permutational 

Based Multivariate Analysis of Variance (PERMANOVA (Anderson, 2001)) on the basis of 

Euclidean distance with 999 permutations was used with the exact counts of adults of the 

assemblages (fictitious for the monospecific treatments vs. real for the combined treatment) 

as dependent variable and three fixed factors: time, salinity and presence/absence of 

interspecific interactions (i.e. monospecific vs. combined cultures). Significant terms and 

interactions were investigated using posterior pair wise comparisons within PERMANOVA. 

A SIMPER analysis was used to identify which species primarily accounted for the observed 

differences. PERMDISP (distance to the centroid) (Anderson, 2004) was executed to test the 

homogeneity of multivariate dispersions in order to discriminate between real location 

effects (output of PERMANOVA) and effects explained by differences in the multivariate 

dispersion for the significant factors. Moreover, this test was also used to check for the 

sphericity of the repeated measurement data.  

One-way ANOVAs were executed in R (R Development Core Team, 2008) on the log-

transformed time-averaged numbers of adults to compare abundances within one species or 

one treatment.  
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Results 

Salinity and interspecific interaction effects on assemblage structure 

Interspecific interactions, salinity and the interaction between them were important factors 

determining the structure of the assemblages (Table 2). This significant interaction was not 

caused by differences in multivariate dispersion since there is homogeneity of variances 

(F3,93= 4.1952, P= 0.102). Pm III explained most of the variation (> 54 % in each group) in 

assemblage structure between the different groups (salinity x interspecific interactions), 

followed by Pm I for combined cultures (> 29 %) and Pm IV for monospecific cultures (> 

15 %). Fig. 1 shows the effect of interspecific interactions and salinity on the time-averaged 

numbers of adults. In absence of interspecific interactions (monospecific cultures), Pm III 

and Pm IV had higher time-averaged abundances of adults at the lower salinity compared 

with the higher salinity (borderline significant results of one-way ANOVA: Pm III: 

F1,7=5.97, P=0.050 (log-transformed data) and Pm IV: F1,7=5.76, P=0.053). Interspecific 

interactions had no negative effect on the number of adults of Pm I at both salinities and of 

Pm III at the higher salinity. At the higher salinity it even had a positive effect on the numbers 

of adults of Pm I and Pm III (resp. increase of 110% and 119% in comparison with 

monospecific cultures). Pm II and Pm IV clearly suffered from the interspecific interactions 

with decreased average numbers of adults at the higher salinity (resp. decrease of 40% and 

47% compared with monospecific cultures) and even more so at the lower salinity (resp. 

decrease of 82% and 86% compared with monospecific cultures). Fig. 2 illustrates that Pm 

IV was completely absent from the assemblages at both salinities after 35 days and that at a 

lower salinity a bottleneck occurred after ten days.  
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Figure 1: Time-averaged abundances of adults of the four cryptic species of Litoditis 

ñmarinaò (mean ± SE) in monospecific and combined populations (four cryptic species 

together) at the two different salinities (low salinity: 15 vs. high salinity: 25) (n= 4 per 

treatment). 

 

Table 2: PERMANOVA results from the analyses of counts of adults of the 4 cryptic species 

of L. ñmarinaò as a function of time, interspecific interactions and salinity (* = P < 0.05). 

 

 

Source df SS MS F P(perm) 

Time 5 33142 6628.4 1.7164 0.001 

Interspec. interactions 1 9148.3 9184.3 6.535 0.001 

Salinity 1 4048 4048 2.8803 0.048 

Time*Interspec. interact. 5 30665 6133.1 4.3639 0.002 

Time*Salinity 5 8821.9 1764.4 1.2554 0.231 

Interspec. interact.*Salinity 1 17995 17995 12.804 0.001 

Time*Interspec. 

interact.*Salinity 

5 10834 2166.9 1.5418 0.125 
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Figure 2: Assemblage dynamics for the combined cultures (lines: total number of adults of 

all cryptic species together) at high salinity (filled symbols) and low salinity (open symbols), 

together with the proportional abundances (pies) of the four cryptic species of L. ñmarinaò 

after 5; 10; 15; 25 and 35 days. Note: at 35 days, Pm II was still present, but in very low 

abundances (n = 4 per treatment).  

 

Time effects on assemblage structure 

Assemblages changed significantly over time (see Table 2). PERMDISP displayed lack of 

homogeneity of variances (F5,91= 13.217, P= 0.001), with higher variability as time 

progressed. An MDS plot revealed that differences in dispersion occurred between the 

different time moments and explained part of the temporal variation in assemblage structure, 

combined with an explicit time effect (Fig. 3).   

Therefore interactions of time with other factors must be interpreted cautiously, to 

discriminate between dispersion and location effects. No interaction between time and 

salinity was found, indicating that within the time frame of the experiment no changes in the 

effect of salinity on assemblage structure occurred. On the other hand, an interaction between 
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time and interspecific interactions was found (Table 2) and pair wise tests for the 

homogeneity of variances also revealed that dispersion effects were present (Table 3). At the 

start of the experiment the differences in assemblage structure were mostly explained by the 

high variability in dispersion between the populations. Later on (between 25 and 35 days) 

time as location effect clearly explained the differences in assemblage structure in the 

combined treatments. Assemblage structure changed differently over time for combined and 

monospecific cultures (Fig. 4). Pm III and Pm IV explained most of the variation in time for 

cultures without interspecific interactions (resp. > 73% and > 14% for each time moment). 

In the combined populations, Pm III and Pm I explained most of the variation in time (resp. 

> 49% and > 42 %), due to the high fluctuations in abundances between different time 

moments.  

Table 3: Results for the pair wise tests for PERMANOVA and homogeneity of variances 

between the different time moments in monospecific and combined treatments. 

   

Groups  Monospecific   Combined  

(time) PERMANOVA 
t                      P 

PERMDISP 
t                       P 

PERMANOVA 
t                       P 

PERMDISP 
t                    P 

0,5 2.17                0.001 5.90                  1*10-3 3.43                 0.001 5.24                1*10-3 

5,10 2.17                0.024 3.34                  1*10-3 2.57                 0.002 3.64                5*10-3 

10,15 0.66                0.588 0.76                 0.474 0.73                 0.692 0.38              0.781 

15,25 1.70                0.067 1.80                 0.133 1.20                 0.245 1.18              0.386 

25,35 1.68                0.054 1.70                 0.156 2.30                 0.021 1.21              0.242 
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Figure 3: MDS plot showing the effect of time (in days) on the assemblage structure of the 

four cryptic species of L. ñmarinaò. An explicit time effect combined with a dispersion effect 

can be found with higher variability between the different assemblages at later times (n = 

96).

 

Figure 4: Average proportional adult abundances of the four cryptic species of L. ñmarinaò 

in a) monospecific cultures and b) combined cultures as a function of time (n = 4).  
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Discussion 

In this experiment, coexistence between three of the four cryptic species of L. ñmarinaò (Pm 

I, Pm II and Pm III) was found. The effect of salinity on this coexistence was studied, as 

salinity has proven to play an important role in structuring populations and communities of 

different marine and estuarine species (e.g. Capstick, 1959; Heip, et al., 1985; Williams, 

1998; Westerbom, et al., 2002; Ortells, et al., 2003; Lowe, et al., 2006) and has an important 

impact on the life cycle of many species (e.g. Tietjen & Lee, 1972; Diaz & Bevilacqua, 1986; 

Anger, 1991; Højgaard, 1998; Moens & Vincx, 2000b). In the case of L. ñmarinaò all cryptic 

species were able to cope well with the two different salinities in our monospecific 

experiments. Despite this overlap in salinity optima, salinity can still play an important role 

in achieving coexistence in two different ways: (a) if species have different salinity optima 

that only partially overlap, coexistence can be achieved in the zones of overlap, or (b) if the 

species have broad salinity optima, with only minor differences, even these minor 

differences can lead to changes in interspecific interactions between the species and thus 

result in coexistence (Lowe, et al., 2006).  

Different salinity optima did not easily predict the outcome of competition 

In the monospecific cultures some differences in relative population performance between 

the cryptic species at the two different salinities were found. Two of the four cryptic species 

(Pm III and Pm IV) showed higher population abundance at the lower salinity than at higher 

salinity (Fig. 1; and also confirmed in chapter IV). These differences in salinity optima 

between the cryptic species can help to achieve coexistence. We would expect that Pm III 

and Pm IV would dominate the combined cultures at the lower salinity. Fig. 4 shows that 

this is not completely true and contrary to the expectations: Pm IV showed very low average 

abundances and was completely excluded after 25 days.  This shows that besides the 

differences in salinity optima other factors play a role in shaping the coexistence between 

the cryptic species. For Pm IV, higher population abundances in monospecific cultures only 

occurred at the beginning of the experiment and were followed by a sudden decrease after 

ten days (Fig. 5). This acceleration of development (first generation matured 1 day earlier 

than in the other species) may be the result of a short-term response to a sudden change in 

environmental conditions (Grainger, 1958), and can be important to achieve coexistence 

with the other cryptic species. If Pm IV is capable of reaching high abundances before other 

species become dominant and environmental fluctuations (fluctuations in salinity, 

temperature, é due to for instance the tides, weather conditions or seasons) occur on a 
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regular base, Pm IV can coexist with the other species. The higher abundance of Pm III at 

the lower salinity in monospecific cultures was evident over the whole time frame of the 

experiment and is in line with the high abundance of Pm III in the combined cultures.  

 

Figure 5: Average adult abundances of the four cryptic species of L. ñmarinaò in 

monospecific cultures for the different salinities over time: a) low salinity and b) high salinity 

(n = 4) 

Another possible explanation is that different optima between the cryptic species can 

influence the interactions between species and that coexistence is achieved in this way 

(Gómez, et al., 1997; Lowe, et al., 2006). The differences in population development in 

monospecific treatments at low salinity indeed suggest that the four cryptic species have 

differential salinity optima. To further assess this hypothesis, we first have to reveal the 

interspecific interactions between the cryptic species.  

Both negative and positive interactions occur between the cryptic species 

The most common interaction between species is competition. However, facilitative ï i.e., 

the presence of one species improves the occurrence of another (Egler, 1954) ï and inhibitory 

interactions may be equally important (e.g. Ilieva-Makulec, 2001; Cardinale, et al., 2002; 

Jonsson & Malmqvist, 2003; De Mesel, et al., 2006; dos Santos, et al., 2009). In our 

experiment interactions between organisms appeared between five and ten days in both 

salinity treatments; hence the first generation was not affected by the presence of other 

species. Later on, the presence of other species had a major effect on the survival of Pm II 

and Pm IV, with complete exclusion of Pm IV from all populations at both salinities. In 

natural populations in the area from which both species were isolated, Pm I and Pm IV have 
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hitherto never been found in sympatry. Pm I and Pm IV are phylogenetically the two most 

closely related species in the L. ñmarinaò cryptic species complex (Derycke, et al., 2005), 

and preliminary experiments show that Pm I and Pm IV have very similar food preferences 

(Derycke, unpublished data), so the absence of coexistence between Pm I and Pm IV agrees 

with traditional ecological competition theory. Chemical repulsion by glandular secretions 

produced by the nematodes is also a possible mechanism that could explain the extinction of 

Pm IV in the combined cultures. Although chemical repulsion was already shown between 

marine copepods (Chandler & Fleeger, 1987), and nematodes are known to be sensitive to 

chemical cues (Huettel, 1986), almost no information on allelochemicals in free-living 

nematodes is present, making it impossible to confirm this hypothesis. In contrast to Pm IV, 

Pm II was still present at the end of the experiment in the combined cultures at both salinities, 

although in very low abundances. Pm II thus clearly suffered from the interaction with the 

other species, but the interactions were not strong enough to completely exclude Pm II from 

the assemblages.  

In both salinity treatments Pm I and Pm III were highly abundant and positive interactions 

occurred at the higher salinity. The presence of other species possibly causes habitat 

amelioration ï an important process in intertidal communities (Bertness & Leonard, 1997) ï 

for instance as a result of the higher densities of nematodes influencing bacterial growth. In 

combination with the increased secretion of mucus by nematodes, which may transport 

bacteria to different spots, this may make food more available (Moens, et al., 2005).  

Effect of salinity: from contest to scramble competition 

But did salinity alter the outcome of these interactions? Interactions between an abiotic factor 

(i.e. salinity) and a biotic factor (i.e. interspecific interactions) have already been 

demonstrated in laboratory experiments on crustaceans (Foran, 1986; Bengtsson, 1987; 

Barata, et al., 1996) and were also present in this experiment. At lower salinity the 

interspecific interactions between the species became stronger, leading to a population crash 

in all four replicates (Fig. 2); only two of the four replicates recovered from this bottleneck. 

The assemblage structure of these two replicates at the end of the experiment was very 

similar to the assemblage structure at higher salinity (Fig. 6). These results indicate that 

salinity had no effect on the species composition of the assemblages, but rather had an effect 

on the type and strength of interspecific interactions. At the higher salinity two species 

became dominant while the other two suffered from the interactions. We can expect that at 

this salinity, resources (food, space, etc.) were unequally partitioned between the cryptic 
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species and that some species survived (here: Pm I and Pm III) at the expense of the others 

(here: Pm II and Pm IV). This is an example of contest competition. In contrast, at the lower 

salinity, all species initially suffered from the interactions, followed by either complete 

extinction of all species or survival of some of the species. This suggests that (most of) the 

species competed equally for the resources and none was initially able to fully meet its needs. 

If by chance some species die off earlier than the others, the remaining species may be able 

to recover. This is known as scramble competition (Nicholson, 1954; Lomnicki, 1988; 

Coulson & Godfray, 2007). Hence, our results strongly suggest that a shift occurred from 

contest competition at higher salinity to scramble competition at lower salinity. The initially 

higher population abundance of Pm IV at lower salinity (as seen in the monospecific 

cultures) may have increased interspecific interactions and may thus have contributed to this 

shift in the type of competition.   

In this experiment, salinity did not only affect the population dynamics of the cryptic species, 

but also the interspecific interactions between them and the interaction between salinity and 

the interspecific interactions. Caution is due when linking these results to results from natural 

populations as in estuarine habitats, which are characterized by large abiotic fluctuations, 

adaptations to both longer-term, larger-scale and short-term, local-scale (tidal) salinity 

fluctuations are important. These adaptations to short-term salinity fluctuations were not 

studied in the present experiment, which renders comparison of our results with the species 

composition of natural populations difficult. Over all seasons, in the area from which all 

species for this study were isolated, Pm I, Pm II and Pm III co-occurred at locations with an 

average salinity around 25 and only Pm I and Pm III co-occurred at locations with an average 

salinity around 15 (Derycke, et al., 2005; 2006). These results are very comparable with the 

data from our experiment, but besides differences in salinity optima, also differences in 

optima to daily fluctuations or differences in optima to other environmental variables 

(temperature, food preference, etc.) between the species likely play an important role in the 

structuring of natural assemblages. 

Differences in salinity did lead to differences in the population dynamics of some species 

(Pm III and Pm IV) and to differences in the interspecific interactions, suggesting that larger-

scale; long-term salinity fluctuations may influence natural populations and communities. 

Furthermore, we can expect that seasonal dynamics in salinity can alter the species 

composition of the natural assemblages since shifts in cryptic species composition of L. 

ñmarinaò occurred through the different seasons (Derycke, et al., 2006). To prove this 
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hypothesis, additional data from the field are necessary, but this experiment already shows 

that differences in salinity can have different results on the outcome of interspecific 

interactions, and that solely focusing on the effect of salinity on monospecific cultures is 

highly unsatisfactory.  

 

Figure 6: Time-averaged assemblage structure of the four cryptic species of L. ñmarinaò for 

the different treatments (interspecific interactions x salinity, n = 4 per treatment). 
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Abstract 

In the marine environment, many cryptic ï morphologically similar but genetically distinct 

ï species show sympatric distributions, which challenges traditional ecological competition 

theory. In the morphospecies complex of the bacterivorous nematode Litoditis ñmarinaò, 

four cryptic species (Pm I, Pm II, Pm III and Pm IV) frequently occur with mostly two or 

more of these species together. This co-occurrence displays fluctuating abundances that have 

been linked to seasonal dynamics in the environment. In intertidal marine environments, 

salinity and temperature play an important role in species distributions. In the here presented 

experiments, the impact of these two abiotic variables on juvenile development time, 

fecundity and population development was investigated. Monospecific cultures were reared 

at three different temperatures: 15°C, 20°C and 25°C (salinity 25) and at two different 

salinities: 15 and 25 (temperature: 20°C) in 2 separate experiments. Our results showed that 

differences in life history are present between the four species: Pm III had a higher 

instantaneous fecundity than the other three species. Furthermore, differences in 

reproduction strategy were observed between the cryptic species: Pm II and Pm III were 

always oviparous in this experiment, while Pm I and Pm IV were mostly viviparous species. 

Abiotic factors affected the life history characters and the reproductive strategy of some of 

these cryptic species, with temperature clearly having a stronger effect than salinity. 

Temperature had an effect on juvenile development time for all species and a species-

specific influence on population development. Pm III performed better at higher 

temperature, Pm II and Pm IV at lower temperature, whereas Pm I proved to be a more 

eurytherm species, which nicely correlates with their respective seasonal field distribution 

pattern in the south-eastern coast of the North Sea and adjacent estuaries. Juvenile 

development time was also influenced by salinity, with a shorter development time at the 

lower salinity for all cryptic species. Moreover, Pm III and Pm IV performed better at lower 

than at the higher salinity. Pm IV also changed its reproductive strategy, depending on the 

salinity. The effect of salinity was less clearly reflected in the geographical distribution of 

the four species. Different temperature preferences of the cryptic species on the other hand 

may result in niche differentiation and can lead to coexistence of these closely related 

species. 
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Introduction  

Biodiversity in many ecosystems appears significantly higher than previously thought due 

to the prominence of morphologically cryptic but genetically distinct species. This cryptic 

diversity is a wide-spread phenomenon within a broad range of taxa (Bickford, et al., 2007; 

Pfenninger & Schwenk, 2007). Many cryptic species show sympatric distributions in the 

marine environment (Knowlton, 1993). This coexistence challenges traditional ecological 

competition theory, which states that competition will be most severe between closely 

related species because of their ecological equivalence (Darwin, 1859; Webb, et al., 2002; 

Violle, et al., 2011). However, coexistence can be achieved through non-equilibrium 

dynamics (neutral dynamics: Hubbell, 2005), or when species show differences in phenotype 

and ecology (niche partitioning: Hutchinson & MacArthur, 1959; Hughes, et al., 2008). In 

the latter case, ecological heterogeneity could facilitate the coexistence of closely related 

sympatric species (Knowlton, 1993; Leibold & McPeek, 2006), and competitively weak 

species could persist because of spatially or temporally favoured specific conditions (Begon, 

1996). However, knowledge about the ecology of cryptic species remains very scant despite 

the exponential increase in the documentation of cryptic diversity (Bickford, et al., 2007). 

Hypotheses about ecological niche differentiation between cryptic species are usually based 

on often limited information about geographical distributions (Ortells, et al., 2003; Rissler 

& Apodaca, 2007). Abiotic niche differentiation has already been invoked as a likely 

explanation for the coexistence of cryptic species in e.g. rotifers, sea urchins and nematodes 

(Palumbi & Metz, 1991; Ortells, et al., 2003; Montero-Pau, et al., 2011; Van Campenhout, 

et al., 2014).  

Cryptic diversity has been observed several times in coastal nematodes (Derycke, et al., 

2013). In marine sediments, nematodes are the most species-rich and abundant (densities 

between 105 ï 108 individuals m-2) metazoans (Heip, et al., 1985; Coomans, 2000; 

Lambshead & Boucher, 2003). Nematodes can play significant roles in microbial biofilm 

formation and in decomposition and nutrient recycling processes (Freckman, 1988; Hubas, 

et al., 2010). In the morphospecies complex of the bacterivorous nematode Litoditis 

ñmarinaò (Sudhaus, 2011), formerly known as Rhabditis marina or Pellioditis marina, at 

least ten species have been found. Four of these cryptic L. ñmarinaò species (Pm I, Pm II, 

Pm III and Pm IV; the óPMô abbreviation originates from the old species name, but is kept 

to make comparison between different papers easier) frequently occur in the littoral zone of 

the south-western coast and estuaries of The Netherlands (Derycke, et al., 2006; 2008b). 
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These cryptic species lack distinctive morphological differences, but show molecular 

divergences at both nuclear and mitochondrial loci (COI, ITS, D2D3) (Derycke, et al., 

2008b; Fonseca, et al., 2008), and crossbreeding between them has not been detected thus 

far (Fonseca, et al., 2008, Derycke, unpublished). Sympatric occurrence of two or more of 

these species on decomposing algae is rule rather than exception (Derycke, et al., 2005; 

2008b). In addition to the temporal deterioration of decomposing algae, macroalgae also 

form a spatially heterogeneous habitat because they contain different structural features such 

as receptacula and floating bladders. Throughout the year, the four cryptic species display 

fluctuating abundances which may be linked to seasonal dynamics in the environment 

(Derycke, et al., 2006), possibly as a result of different environmental tolerances. However, 

the effect abiotic factors have on population abundances and life histories in these four 

cryptic species remains unknown. Salinity and temperature ï two of the most conspicuous 

environmental variables in a tidal environment ï show both daily and seasonal fluctuations. 

Salinity variations are highest between low and high tide in the mid-estuary and tidal 

fluctuations may be as high as 8 to 21 (Moens & Vincx, 2000b; Kaiser, et al., 2005). In 

addition, significant seasonal and small-scale local fluctuations occur; in the area of the 

present study these usually result in lower salinities during early spring and higher salinities 

during summer, and in even more prominent salinity fluctuations ï both tidal and seasonal 

ï in shallow gullies and puddles in the high intertidal (Moens & Vincx, 2000b). Salinity has 

been shown to have a relatively minor effect on juvenile development time, while more 

extreme salinity values can have a strong impact on juvenile survival of Litoditis ñmarinaò 

(cryptic species unknown, Moens & Vincx, 2000b). Daily fluctuations in temperature are 

also present, but seasonal variation may be more pronounced. In the area of this study, 

maximum daytime temperatures can range from below 0°C to above 25°C. Increasing 

temperature has been shown to increase the fecundity and decrease the development time of 

marine and brackish-water nematodes (reviewed in Heip, et al., 1985; Vranken, et al., 1988). 

Moreover, the development time of L. ñmarinaò was strongly affected by temperature 

(Moens & Vincx, 2000b). At the time of the latter study, the presence of cryptic species 

within L. ñmarinaò was not yet known, and the molecular identity of the species used in that 

study is unknown. 

In this paper, we combined results of a previous experiment dealing with salinity effects on 

competition between the cryptic species (De Meester, et al., 2011; chapter II) ï in which we 

focused on the effect of salinity on competition between the species and did not yet describe 
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any life history traits ï with those of a new and independent experiment investigating 

temperature effects on life history traits of the cryptic species. We discuss the impact of each 

abiotic variable on juvenile development time, fecundity and population development of the 

four cryptic L. ñmarinaò species. The first two parameters will give more information about 

short-term responses, for instance a stress reaction to the differences in temperature or 

salinity between the stock culture and experimental microcosm conditions. The latter 

parameter integrates information over several generations and may therefore better reflect 

longer-term responses, in which species-specific differences in abiotic preferences and the 

effect of intraspecific competition (increasing densities) may become clear. The effects of 

temperature and salinity were studied in single stressor experiments. Although it is extremely 

important to know the effect of the combination of both abiotic variables (Breitburg, et al., 

1998), detailed information about the effect of one abiotic variable on life-history traits can 

already give us insights in some of  the complex processes in nature. A seasonal survey along 

the south-eastern coast of the North Sea and adjacent estuaries illustrated that Pm III was 

most abundant in summer, during which Pm II and Pm IV were mostly absent (Derycke, et 

al., 2006). Pm I was abundant throughout the year. Pm IV had a more restricted geographical 

distribution and was only found in a marine lake where fluctuations in salinity are less 

pronounced (Derycke, et al., 2006). Based on these observations, we expected to find 

differential effects of temperature on the life histories of the four species, with Pm I showing 

a minor effect of temperature on its life history characteristics. Pm II and Pm IV were 

expected to perform best at lower temperatures and Pm III at higher temperatures. Given the 

low salinity fluctuations in the lake where Pm IV occurs, it would be interesting to assess 

whether Pm IV is more sensitive to changes in salinity than the other species. Knowledge on 

the effect of abiotic conditions on the life history characteristics of the cryptic species may 

help to explain their distribution in natural environments and their coexistence.   
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Material & Methods  

Nematode stock cultures 

Stock cultures of the different cryptic species were raised from single gravid females and 

maintained on sloppy agar media (0.8 % 1:4 ratio of nutrient:bacto agar) prepared with 

artificial seawater with a salinity of 25 under standardised conditions (temperature of 20°C), 

with unidentified bacteria from their habitat as food (Moens & Vincx, 1998). Nematodes for 

the experiments were harvested from cultures in exponential growth phase.   

Temperature experiments 

To study the effect of temperature on life history traits of the different cryptic species, 

monospecific cultures were reared in February ï March 2013 in Petri dishes (5 cm inner 

diameter) with 4 mL of 1% bacto agar medium with a salinity of 25. The pH of the medium 

was buffered at 7.5 ï 8 with TRIS-HCl in a final concentration of 5mM. The addition of the 

buffer increases the initial salinity by ca 1.2 units. Cholesterol (100 µL L-1) was added as a 

source of sterols (Vanfleteren, 1980). Nematode cultures were incubated in the dark at three 

different (constant) temperatures: 15°C, 20°C and 25°C. While we acknowledge that this 

limited range of temperatures is insufficient for a complete picture of the effects of in situ 

seasonal temperature variation on L. ñmarinaò, it may nevertheless help to explain 

differential effects of seasonal fluctuations within this cryptic species complex; 15°C 

represents mean temperatures for early autumn and late spring and 20°C for summer, 

whereas 25°C represents fairly common daytime temperature maxima during (mostly) 

summer. Each treatment was replicated four times for every cryptic species. Frozen-and-

thawed Escherichia coli (strain K12) were used as a food source (50 µL of a suspension with 

a density of 3x109 cells ml-1). This dilution was obtained through dilution in ASW from a 

stock density of 3×1011 cells ml-1 (dos Santos, et al., 2008). This strain of E. coli has been 

commonly used as a single and adequate food source in different experiments with L. 

ñmarinaò (dos Santos, et al., 2009; De Meester, et al., 2011 (chapter II); 2015b (chapter 

VII) ). Moreover, dispersal experiments showed that all 4 cryptic species are able to detect 

E. coli (as food source) (De Meester, et al., 2012; chapter VI). On the 13th day of the 

experiment, the same amount of food was added to replenish the cultures. The plates for the 

temperature experiment were inoculated with four adult females and three adult males of a 

single cryptic species in each replicate microcosm. Only healthy, vivid animals were chosen 

for the experiment. Females were randomly chosen from the stock cultures and we took care 

to select young adult females which were recognisable by a combination of size, visible 
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presence of a vulva, and presence of at most a few eggs in the uterus. As such, we are sure 

to have selected females in an early phase or at the start of their reproductive period. 

Nematodes were manually picked up from the stock cultures, bathed in clean artificial 

seawater (salinity of 25) for one hour, and placed randomly on the Petri dishes. The total 

numbers of eggs and juveniles were counted after 24h; total numbers of nematodes were 

counted daily until the cultures reached the exponential growth phase, after which counting 

was done every 48 hours until day 21. When the first juveniles occurred (mostly after 24 

hours), all adults were removed from the Petri dishes, which made it possible to determine 

the juvenile development time of the F1 generation.  

Salinity experiments 

This experiment was part of a previous experiment, in which monospecific cultures were 

raised at two different salinities (15 and 25). This limited range of salinities can still give us 

information about the geographical distributions of the cryptic species in the estuarine and 

lake habitats covered in earlier field inventories, since 15 is close to the lower end of the 

salinity range in which L. ñmarinaò occurred, whilst 25 corresponds to a salinity at which 

all four cryptic species were commonly found (Derycke, et al., 2005; 2006). Agar medium 

and set-up of the experiment were the same as in the temperature experiments, except for 

the number of adults that were inoculated (five males and five females instead of three and 

four, respectively). Numbers of juveniles and eggs were counted after 24h. During the first 

eight days (representing at least one and at most two generations in all the treatments and 

species), the total numbers of nematodes were counted daily. After this period, the counting 

was conducted at day 10 and afterwards each 5th day until day 35. On the 15th and the 25th 

day the entire population was transferred to a larger Petri dish (resp. 8 cm i.d. and 15 cm i.d.) 

with new agar medium (resp. 8mL and 12mL) and food availability was increased 

proportionally to the agar surface. The parental generation was not removed in this 

experiment in order to compare the treatments with the competition treatments of De 

Meester, et al. (2011; chapter II). Frozen-and-thawed Escherichia coli (50 µL of a 

suspension with a density of 3x1010 cells ml-1) was used as a food source and added every 

tenth day. The difference in food concentration between this experiment and the temperature 

experiment may not play a significant role in the first seven days as shown for Pm I in dos 

Santos, et al. (2008). Nevertheless due to these differences in food concentration and the 

differences in set-up and in timing (which may result in different conditions of the stock 

cultures), comparisons of any of the studied parameters between the experiments cannot be 
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made and both experiments were analysed separately. To test if differences in set-up led to 

differences in our parameters, we compared the two overlapping treatments (treatment 20 

°C in the temperature experiments (all conducted at a salinity of 25) and the treatment with 

a salinity of 25 in the salinity experiments (all conducted at 20°C)) from both experiments. 

Life history characteristics and statistical analyses 

We used parametric tests (2-way ANOVA/ 1-way ANOVA or t-test) where possible because 

they are more powerful compared to their non-parametric analogues (resp. PERMANOVA/ 

Kruskal-Wallis or Wilcoxon-rank test). When data were not normally distributed and/or 

variances were not homogeneous, we first transformed the data to be able to conduct a 

parametric test. Only when assumptions of parametric testing were still not met, we used 

non-parametric tests. All statistical analyses were conducted in R (R Development Core 

Team, 2008), except for the PERMANOVAs (performed in PRIMER (Anderson, 2001; 

Clarke & Gorley, 2006)). An overview of all statistical analyses and life history 

characteristics can be found in Table 1. More details about the design of the tests and post-

hoc tests can be found in the following paragraphs.  

A. Minimum juvenile development time 

Because reproductive strategy varied from oviparous to viviparous depending on cryptic 

species and environmental conditions, we determined minimum juvenile development time 

rather than minimum development time.  Minimum juvenile development time was taken as 

the time from the occurrence of the first juveniles till the appearance of the first new adults. 

Minimum juvenile development time was analysed using two-way ANOVAôs to test for 

differences between the different temperatures on the one hand and between the different 

salinities on the other hand. For the salinity experiments, a log transformation was performed 

to achieve normality of the data. One-way ANOVAôs (for temperature) and t-tests (for 

salinity) within species were also conducted to see the effect of the abiotic variable on the 

juvenile development time within individual species. In the temperature and salinity 

experiments, a non-parametric test (Kruskal-Wallis test for the temperature experiment and 

Wilcoxon rank-sum test for the salinity experiment) was used for the data of Pm I. A Tukey 

Honest Significant Differences test was conducted to see the pairwise significant differences 

for a significant factor. To test if the differences in set-up and timing of the two experiments 

had an effect on the results, a Wilcoxon rank-sum test was conducted between the two 

overlapping treatments.  
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B. Instantaneous fecundity  

Numbers of juveniles and eggs produced after 24 h were divided by the number of inoculated 

adult females (4 for the temperature experiment and 5 for the salinity experiment) to obtain 

an estimate of per capita instantaneous fecundity. The influences of an abiotic factor (resp. 

salinity or temperature) and species identity were tested on the total number of offspring 

(sum of number of eggs and juveniles). To test for effects on reproductive strategy 

(ovopary/vivipary), separate analyses on the numbers of eggs and juveniles were also 

conducted. For the temperature experiments, no normality of data was achieved and 

PERMANOVA (Permutational Based Multivariate Analysis of Variance on the basis of 

Euclidean distance with 999 permutations) was conducted. PERMDISP (Anderson, 2004) 

was performed to test the homogeneity of dispersions (distance to the median). For the 

salinity experiments, data for juveniles and total offspring were analysed by two-way 

ANOVAs; for the eggs a PERMANOVA on the basis of Euclidean distance with 999 

permutations on the log-transformed data (to achieve homogeneity of variances) was 

necessary. In the temperature experiment, within-species analyses were conducted with a 

parametric one-way ANOVA to assess the effect of the abiotic variable on the instantaneous 

fecundity within one species. Non-parametric Kruskal-Wallis tests were used for numbers 

of juveniles, eggs and total numbers of Pm IV, number of eggs for Pm II, and juvenile and 

total numbers of Pm III. In the salinity experiments, t-tests were conducted for numbers of 

juveniles, eggs and total numbers for all species, with the exception for Pm IV eggs and 

juveniles and Pm II eggs, for which a non-parametric Wilcoxon rank-sum test was 

conducted. A Tukey Honest Significant Differences test was conducted to assess the 

pairwise significant differences within a significant factor for the parametric analyses; 

pairwise Wilcoxon rank-sum tests with Bonferroni correction were used for the non-

parametric analyses. A Wilcoxon rank-sum test was also conducted between the two 

overlapping treatments. 

C. Total population development 

Total nematode numbers (adults + juveniles) over time were used to analyse population 

development: for the temperature experiment, data until 21 days were used; the salinity 

experiment had a duration of 35 days. The effect of temperature or salinity on the population 

growth curves (total number of adults over time) was analysed with Generalised Estimating 

Equation models in R (GEEGLM) (Zuur, et al., 2009), because counts on different time 

moments were not independent of each other. Number of nematodes were entered in the 
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model as dependent variable, temperature/salinity and species as independent factors and 

time as a covariable (continuous variable). Time repeated measurements were incorporated 

by adding information about the dependence of the data to the model in the óidô argument. 

The correlation structure specified in the model was an autoregressive correlation, as counts 

at two close time moments will be more correlated than two which are further apart. A log-

transformation on the count data was conducted for both experiments, and time was squared 

(time2) and added to the model to account for the non-linearity of the data. Non-significant 

factors were removed from the model, until a good model was achieved. Models were 

evaluated by checking the residuals against the fitted values to be randomly scattered without 

showing any systematic pattern. Quasilikelihood under the Independence model Criterion 

(QIC) was used to select the most appropriate model (Pan, 2001). Pairwise comparisons 

were done by dummy coding in the models, followed by a Bonferroni correction. The script 

of the GEEGLM models can be found in Appendix S1. In addition, two two-way ANOVAôs 

were conducted on the average number of nematodes over time to check the effect of species 

and abiotic factor on the average number of nematodes.  



 

Table 1: overview of all statistical analyses for the two different experiments. 

 

 

Species x abiotic factor 

 juvenile development time Instantaneous fecundity  Population 

    eggs juveniles total development 

temperature 2-way ANOVA 2-way PERMANOVA 2-way PERMANOVA 2-way PERMANOVA GEEGLM 

salinity 2-way ANOVA (log-transformed) 2-way PERMANOVA  2-way ANOVA 2-way ANOVA GEEGLM 

  (log-transformed)    

Within-species analysis 

 juvenile development time Instantaneous fecundity   

    eggs juveniles total   

temperature 

Pm II/ Pm III/ Pm IV: 1-way 
ANOVA  

Pm I/ Pm III: 1 -way 
ANOVA   

Pm I/ Pm II: Pm IV: &-way 
ANOVA     

Pm I/ Pm III: 1-way 
ANOVA   

  Pm I: Kruskal-Wallis test 
Pm II/ Pm IV: Kruskal-
Wallis Pm III: Kruskal-Wallis test 

Pm II/ Pm IV: Kruskal-
Wallis   

salinity 

Pm II/ Pm III/ Pm IV: 1-way 
ANOVA    Pm I/ Pm III: t-test  Pm I/ Pm III/ Pm IV: t-test   all: t-test  

Pm I: Wilcoxon-rank test 
 Pm II/ Pm IV: Wilcoxon-
rank Pm II: Wilcoxon-rank test   

C
H

A
P

T
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R
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Results 

No differences in juvenile development time and reproductive output were found between 

the two overlapping treatments of the temperature and salinity experiments (all p>0.05), 

suggesting that the differences in set-up did not strongly impact these life history traits of all 

four cryptic species.  

Minimum juvenile development time 

In the temperature experiment, minimum juvenile development time was influenced by both 

species identity (F3,36=15.93, p=0.0018) and temperature (F2,36=18.12, p=3.60e-6). No 

interaction effect between species identity and temperature was found (p>0.05). Across all 

species treatments, a significantly longer juvenile development time was observed at the 

lowest temperature (15°C) (resp. 6.80 ± 1.33 days for 15°C, 4.63 ± 0.61 days for 20°C and 

3.41 ± 0.69 days for 25°C, Fig. 1a). A decreasing juvenile development time with increasing 

temperature was observed within each species, but the within-species ANOVA only showed 

a significantly lower juvenile development time at the highest temperature compared with 

the lowest temperature for Pm III (F2,9=9.00, p=0.0071), and not for the other species. 

Moreover, the juvenile development time over all temperature treatments was significantly 

shorter for Pm III (3.50 ± 0.78 days) compared to Pm I and Pm II (resp. 5.67 ± 1.44 days 

and 6.05 ± 1.03 days (Fig. 1a). The minimum juvenile development time was significantly 

affected by salinity (F1,24=5.07, p=0.034) and was lower at a salinity of 15 (3.65 ± 0.63 days) 

than at a salinity of 25 (4.50 ± 0.66 days). Within-species ANOVA revealed that these 

differences were only significant in Pm IV (F1,6=9.80, p=0.020) (Fig. 1b). In contrast with 

the temperature experiment, juvenile development time was not shorter for Pm III compared 

with the other species. This may be explained by the within-species ANOVA for the 

temperature experiment, which only showed a significantly lower juvenile development time 

at the highest temperature compared with the lowest temperature for Pm III (F2,9=9.00 , 

p=0.0071), and no difference between the species was found at a temperature of 20°C 

(conditions of the salinity experiment). 
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Figure 1: Minimum juvenile development time (mean ± SE) for the four cryptic species of 

L. ñmarinaò at (a) three different temperature treatments (resp. 15°C, 20°C and 25°C) and  

(b) two different salinity treatments (resp. 15 and 25). Asterisks show pairwise significant 

values (p<0.05) within one species. 
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Instantaneous fecundity 

In the temperature experiment, total instantaneous fecundity was significantly different 

between species (F3,36=70.66, p=0.001), with a higher number of offspring for Pm III (7.06 

± 1.73) compared to Pm II and Pm IV (resp. 2.02 ± 0.98 and 1.98 ± 0.85). No effect of 

temperature or the interaction of temperature with species was found (all p>0.05). Within-

species analyses showed that total number of offspring for Pm IV was lower at 15°C 

compared with 25°C (W2,12=6.17, p=0.046). Species also showed differences in reproductive 

strategy (PERMANOVA on number of eggs: pseudo-F3,36=36.40, p=0.001), with Pm II and 

Pm III being the only two species laying eggs (Fig. 2a). In the salinity experiment, total 

instantaneous fecundity was also influenced by species identity (F3,24=6.30, p=0.003) but not 

by salinity. A higher number of offspring for Pm III (8.33 ± 1.90) was found compared with 

Pm I, Pm II and Pm IV (resp. 2.75 ± 0.94, 4.05 ± 1.35 and 4.63 ± 0.65). Within-species 

analyses also did not show any effect of salinity on total instantaneous fecundity (all p>0.05). 

However, Pm III produced more juveniles and less eggs at lower than at higher salinity, 

while Pm IV started laying eggs at a salinity of 15 (Fig. 2b).  
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Figure 2: Instantaneous fecundity: total number of offspring per female after 24h (mean ± 

SE) for the four cryptic species of L. ñmarinaò at (a) three different temperature treatments 

(resp. 15°C, 20°C and 25°C) and  (b) two different salinity treatments (resp. 15 and 25). 

Striped parts of bars are the proportion of eggs in that specific treatment. Asterisks show 

pairwise significant values (p<0.05) within one species. 
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Total population development 

The final models describing total population development in the temperature and salinity 

experiments can be found in Table 2. In the temperature experiment, total population 

development was influenced by the interaction between time, species and temperature (for 

significance levels, see Table 3). The increase of nematodes over time was species and 

temperature specific: growth curves differed for Pm III and Pm IV between all three 

temperatures. Pm III performed better at higher temperatures compared with the lower 

temperatures. At the start of the experiment, Pm IV also performed best at the highest 

temperature, but by the end of the experiment the highest nematode numbers were found at 

a temperature of 15°C. For Pm I, growth curves did not significantly differ between the 

temperatures, but very low numbers of nematodes at a temperature of 25°C were observed 

throughout the experiment. Finally, Pm II performed best at the lowest temperature (15°C) 

compared with the highest temperature (25°C, Fig. 3). At that high temperature, Pm III also 

performed better than Pm II. The two-way analysis on the time-averaged number of 

nematodes revealed a significant interaction between species and temperature (F6,33= 2.92; 

p= 0.022), but the pairwise tests only showed differences between Pm II and Pm III (resp. 

299 ± 34 and 27 ± 3 nematodes) at the lowest temperature.  

In the salinity experiment, the interaction between time and species and the interaction 

between salinity and species influenced the population development (see Table 4). At the 

highest salinity, no differences in population growth were found between the species. At the 

lower salinity, Pm I and Pm II differed from Pm IV, due to the higher number of Pm IV 

nematodes (and not due to different growth curves, because no effect of the interaction of 

salinity with time was found) in the first 15 days at the lower salinity. Pm III also had higher 

abundances compared with Pm II. Pm III and Pm IV thus performed better at a salinity of 

15 compared with a salinity of 25. This was also confirmed by a two-way ANOVA on time-

averaged numbers, where Pm III and Pm IV had higher abundances at the lower compared 

with the higher salinity (F3,22=10.72, p=0.001; a difference resp. of 250 ± 46 nematodes for 

Pm III and 173 ± 18 nematodes for Pm IV).  
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Figure 3: Population development over time (mean ± SE) at three different temperature treatments 

(resp. 15°C, 20°C and 25°C) for the four cryptic species of L. ñmarinaò: (a) Pm I, (b) Pm II, (c) Pm 

III and (d) Pm IV. Asterisks above the curve show significant differences in population development 

between temperatures within one species.
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Table 2: final GEEGLM models for the temperature and salinity experiment.   

Temperature 

log(number of nematodes)~time + temperature + species + time x 

species + time x temperature + temperature x species + time x 

temperature x species + time2 

Salinity 
log(number of nematodes)~time + salinity + species + time x species 

+ salinity x species 

 

 

Table 3: Results of the Wald Statistics of the GEEGLM: effect of time, temperature (15, 20 

or 25°C) and species (Pm I, Pm II, Pm III and Pm IV) on the number of adults of Litoditis 

ñmarinaò. Confidence level: 95%. 

  
Df ˔2 P 

Time 1 30.9 < 0.0001 

Temperature 2 2.2 0.33 

Species 3 1.3 0.74 

Time2 1 65.1 < 0.0001 

Time:Temperature 2 22.0 < 0.0001 
Time:Species 3 5.4 0.14 
Temperature:Species 6 24.0 0.0005 

Time:Temperature:Species 6 41.8 < 0.0001 
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Table 4: Results of the Wald Statistics of the GEEGLM: effect of time, salinity (15 or 25) 

and species (Pm I, Pm II, Pm III and Pm IV) on the number of adults of Litoditis ñmarinaò. 

Confidence level: 95%. 

  Df ˔2 P 

Time 1 1.0 0.32 
Species 3 1.0 0.81 
Salinity 1 1.9 0.17 
Time:Species 3 68.1 < 0.0001 
Salinity:Species 3 9.8 0.020 

 

 

Figure 4: Population development over time (mean ± SE) at two different salinity treatments 

(resp. 15 and 25) for the four cryptic species of L. ñmarinaò: (a) Pm I, (b) Pm II, (c) Pm III 

and (d) Pm IV. * above the curve shows significant differences in population development 

between salinities within one species.
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Discussion 

Our results show that consistent differences in life history are present between the four 

morphologically (nearly) identical species of L. ñmarinaò. Furthermore, abiotic factors 

affect the life history characters of some of these cryptic species (Table 5). Temperature 

clearly had a stronger effect on the investigated life-history characters than salinity: three of 

the four cryptic species were affected in their population growth by temperature, compared 

with only two for salinity.  

 

Table 5: Overview of the significant differences in life history traits between cryptic species 

of Litoditis ñmarinaò under different abiotic conditions. 

 

  

  Minimum juvenile  Instantaneous fecundity  Population development 

  development time     

SPECIES-

SPECIFIC 

DIFFERENCES 

Pm III < Pm I ; Pm II 

Pm III > Pm I; Pm II; Pm IV 
No differences between the 

species at the stock  

Vivipary: Pm I and Pm IV conditions (salinity of 25, 20°C) 

Ovipary: Pm II and Pm III   

TEMPERATURE 

15°C > 25°C 
 

Pm III ; Pm IV:  25°C >20°C 

>15°C 

Pm III: 15°C > 25°C Pm IV: 15°C < 25°C Pm II: 15°C > 25°C 

    25°C: Pm III > Pm II 

SALINITY 

  15: Pm III juveniles  ą 

15: Pm I; Pm II < Pm III ; Pm IV        Pm IV eggs ą 

       Total reproduction = 

Pm IV: 15 > 25 Pm III: 15 > 25 Pm III: 15 > 25 

    Pm IV: 15 > 25 
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Species-specific differences in life histories between the cryptic species exist 

regardless abiotic conditions 

Substantial differences in life history between the four cryptic species of Litoditis ñmarinaò 

exist, regardless the abiotic conditions. Pm III had a higher instantaneous fecundity than the 

other three species. Phylogenetic analyses of three molecular loci (COI, ITS, D2D3) showed 

that Pm III is most distantly related to the three other species (Derycke, et al., 2008a). 

Moreover, Pm III is also morphologically more distinct when combining different 

morphological traits (Fonseca, et al., 2008). Our results show that these differences are also 

reflected in life history traits. The higher fecundity in conjunction with its comparatively 

good active dispersal capacity (De Meester, et al., 2012; chapter VI) suggest that this species 

may be a superior colonizer compared to the other three cryptic species.  

Differences in reproduction strategy were observed between the cryptic species: Pm II and 

Pm III were always oviparous in this experiment, while Pm I and Pm IV were mostly 

viviparous species (except for Pm IV under certain abiotic conditions, see further.). 

Oviparous females deposit eggs that develop and hatch in the external environment. 

Viviparous females retain developing eggs inside their reproductive tracts and give birth to 

free-living offspring. The advantage of the latter is that embryos are protected by the 

pregnant female; the disadvantage is a more limited reproductive output. Vivipary may 

particularly occur in harsh environments, because the body may protect progeny against 

environmental stress (Blackburn, 1999). Pm I and Pm IV were mostly viviparous in our test 

conditions, but bagging or endotokia matricida was also frequently observed. Bagging, i.e. 

egg retention with internal hatch causing maternal death, is seen as a change from ovipary 

to vivipary in Caenorhabditis elegans (Chen & Caswell-Chen, 2004). Bagging is a plastic 

life history trait, which happens under a range of stressful conditions, such as overcrowding, 

and it is inducible. Moreover, reproductive strategies may be differentially influenced by 

abiotic conditions (Chen, Caswell-Chen, 2004; Wear, et al., 1986), as seen for Pm IV: this 

species changed its reproductive output when salinity changed (see further). We can assume 

that a species-specific preferred strategy exists, in which the costs and gains of a specific 

reproductive strategy differ between the species.  

Temperature had a stronger effect on life history characteristics than salinity  

Temperature had a substantial effect on the life history traits of all the cryptic species. The 

juvenile development time increased at lower temperatures. Within the temperature limits of 

an organism, an increasing temperature mostly results in a faster development due to the 
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faster enzymatic reactions (Wear, et al., 1986; Savage, et al., 2004). Faster development at 

higher temperatures had already previously been documented for Litoditis ñmarinaò, but in 

none of these studies the identity of the cryptic species was known (e.g. Tietjen & Lee, 1972; 

Hopper, et al., 1973; Gaudy, et al., 1982; Moens & Vincx, 2000b). The effect of temperature 

on juvenile development time was most pronounced for Pm III. In addition to a shorter 

juvenile development time at the highest temperature, Pm III (and Pm IV) also produced a 

higher number of juveniles at the highest temperature. This was reflected in the population 

development of Pm III, which performed better at the highest temperature over the whole 

experiment. Pm IV also showed a faster population development at the highest temperature, 

but only so at the start of the experiment. After 21 days, Pm IV was more abundant at the 

lowest temperature, indicating that the higher initial reproduction at higher temperature may 

be the result of a short-term stress response to a sudden change in environmental conditions 

(Grainger, 1958) from the stock conditions (salinity of 25 , 20°C), which was also observed 

at the lower salinity (De Meester, et al., 2011; chapter II). Another possibility is that 

intraspecific competition becomes too high and resulted in lower reproduction. Pm II 

performed best at the lowest temperature, despite a higher juvenile development time and no 

significant differences in its instantaneous reproductive output compared with the other 

temperatures. This may indicate a higher survival rate at lower temperature or an increased 

reproductive output after the first days. In contrast to the three other species, temperature did 

not show any effects on the life history traits of Pm I, suggesting that Pm I is a more 

eurytherm species. A eurythermic strategy may be advantageous for species in 

heterogeneous environments (e.g. temporal and/or tidal environments) in which abiotic 

conditions fluctuate strongly (Van Tienderen, 1991; Gilchrist, 1995), and may explain why 

Pm I was the most dominant species in littoral habitats along the Belgian and southeast Dutch 

coast and estuaries throughout the year, whereas Pm II, Pm III and Pm IV showed more 

pronounced seasonal fluctuations (Derycke, et al. 2006, see further).  

Litoditis ñmarinaò has been suggested to be a euryhaline species, with limited effects of 

salinity on its life cycle (Tietjen, et al., 1970). Nevertheless, its juvenile development time 

was shorter at the lower salinity for all cryptic species, which was most reflected in Pm III 

and Pm IV. Moreover, population development of Pm III and Pm IV was clearly affected by 

salinity. Pm III reached a higher abundance at lower salinity throughout the whole 

experiment. Nevertheless, Pm III did not produce more offspring at the lower salinity, but 

more juveniles and less eggs occurred compared with the higher salinity, indicating a partial 
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shift to vivipary or a faster egg hatch. The higher number of nematodes may be explained 

by a higher survival at the lower salinity. Pm IV clearly started to lay more eggs at the lower 

salinity, or held the eggs for a shorter time period inside the body. Nevertheless, they did not 

produce more offspring. Numbers of nematodes were, as in Pm III, higher at lower salinity, 

but the differences in population development between the two salinities disappeared after 

12 days, indicating that Pm IV probably shows a stress response at the start of the experiment 

(De Meester, et al., 2011; chapter II).  

Differential abiotic preferences can help to explain coexistence between cryptic 

species 

Pm I, Pm II and Pm III have been found together in several locations in the Westerschelde, 

with different relative abundances throughout the year; Pm IV co-occurred with Pm II and 

Pm III in a marine lake, again with seasonally variable relative abundances (Derycke, et al., 

2006). The fact that assemblage composition differs among locations and seasons suggests 

that abiotic conditions may be important to explain the co-occurrence of these cryptic 

species. Previous research has shown that Pm I is abundant throughout the year (Derycke, et 

al., 2006), which nicely agrees with its eurytherm behaviour in the temperature experiment. 

Based on our results, we could expect Pm II and Pm IV to perform comparatively better at 

lower temperatures and indeed, in natural conditions these species were least abundant 

during summer (Derycke, et al., 2006). Pm II was also abundant in the Baltic Sea, in which 

the temperature during the year is lower than in the North Sea, which is also in agreement 

with our results. Moreover, Pm III was most abundant in summer, in line with its preference 

for higher temperatures in the present experiment. Temperature may thus be an important 

factor influencing coexistence and population dynamics under natural conditions. The effect 

of salinity was not clearly reflected in the geographical distributions, which may be due to 

the small salinity range studied here. Pm IV dominates at lake Grevelingen, where the 

average salinity exceeds 30, but was not found at locations with a lower salinity, though its 

population development was better at the lower salinity in our experiment. Pm II dominates 

in the Baltic Sea, in which the salinity is not higher than 15, but did not perform better at this 

salinity in our experiment. Moreover, Pm III distributions could not be correlated easily with 

its preference for the lower salinity. These results indicate that in the limited range of 

salinities and temperatures tested in our experiment, temperature is a more important factor 

influencing niche differentiation than salinity, in agreement with a recent study on another 

coastal cryptic nematode species complex (Van Campenhout, et al., 2014). In contrast, daily 
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temperature fluctuations in the same range (from a night temperature of 15°C to a day 

temperature of 25°C) did not cause significant differences in population performance 

between the cryptic species of L. ñmarinaò (De Meester, et al., 2015c; chapter IV). This 

diurnal variation was not incorporated in the present experiments, but it may also be 

important in natural situations. Next to abiotic conditions, other factors (biotic factors, 

dispersal rates,é) may influence the geographic distributions of the cryptic species. 

Interspecific competition has an influence on abundances of the L. ñmarinaò cryptic species 

(De Meester, et al., 2011; chapter II). For instance, Pm IV was a poor competitor in closed 

microcosms without habitat structure, and this could explain why Pm IV has not been found 

in field surveys except at a salinity of more than 25 (Derycke, et al., 2006), where it may be 

able to avoid being outcompeted by the other species. Furthermore, Pm IV was mostly found 

on thalli of Ulva sp. while the other species have been isolated from Fucus sp., which may 

indicate different preferential habitats between the species. In addition, interspecific 

interactions change when abiotic factors change (De Meester, et al., 2011 (chapter II); 2015c 

(chapter IV), which may have important repercussions for coexistence. Moreover, 

differences in dispersal rates between the species also have an influence on community 

dynamics, at least in laboratory trials (De Meester, et al., 2012 (chapter VI); 2015b (chapter 

VII) ). In the present study, the role of the environment has been examined by experimental 

variation of single isolated factors. It is evident that in nature many factors act 

simultaneously. Temperature and salinity are among the most important physical factors in 

the life of marine organisms and there is often a complex co-relationship between these two 

factors, where temperature can modify the effects of salinity and vice versa (Wear, et al., 

1986). It is nevertheless promising to find such a good match between single-factor 

responses (here temperature) and seasonal patterns found in the field (Derycke, et al., 2006). 

Conclusions 

Despite the high morphological similarity, cryptic species of Litoditis ñmarinaò show 

differences in life history traits and differential reproductive strategies. Moreover, life 

history traits are influenced by abiotic conditions in a species-specific way. This may have 

important consequences for interspecific interactions. Different preferences of the cryptic 

species in one abiotic factor may already result in niche differentiation, which may lead to 

coexistence of closely related species. 



CHAPTER III 

74 

Acknowledgements 

Funding for this research was obtained from the Flemish Fund for Scientific Research 

(FWO) through project G038715N, and from Ghent University through projects 011060002 

and 01GA1911W. Nick De Meyst is acknowledged for the set-up and counts of the 

temperature experiment. This research has benefitted from a statistical consult with the 

Ghent University FIRE (Fostering Innovative Research based on Evidence) service. 

  



 DIFFERENTIAL RESPONSES TO THE ABIOTIC ENVIRONMENT 

75 

Supplementary information 

 

Appendix S1: R script for GEEGLM on population development (temperature 

experiment) 

 

library(geepack) 

## population development temperature experiment 

# importing data 

temperature = read.table("popdev_temp.txt", header = T) 

temperature$time2=temperature$time^2 

log.adults=log(adults+1) 

temperature=data.frame(temperature, log.adults) 

 

#creating model 

M1A <- geeglm(log.adults~time*temp*spec, data = temperature, id = rep, corstr = "ar1") 

anova(M1A) 

summary(M1A) 

plot(fitted(M1A), residuals(M1A))   

abline(h=0, col='red') # look for random scatter 

 

M1B <- geeglm(log.adults~time*temp*spec+time2, data = temperature, id = rep, corstr = 

"ar1") 

anova(M1B) 

summary(M1B) 

plot(fitted(M1B), residuals(M1B))   
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abline(h=0, col='red') # look for random scatter 

 

M1B2 <- geeglm(log.adults~time*temp*spec+time2*temp*spec, data = temperature, id = 

rep, corstr = "ar1") 

anova(M1B,M1B2, test="LRT") 

summary(M1B) 

plot(fitted(M1B2), residuals(M1B2))   

abline(h=0, col='red') # look for random scatter 

 

##Comparing models: QIC  

QIC = function(model.R) { 

  library(MASS) 

  model.indep = update(model.R, corstr = "independence") 

  # Quasilikelihood 

  mu.R = model.R$fitted.values 

  y = model.R$y 

  type = family(model.R)$family 

  quasi.R = switch(type, 

                   poisson = sum((y*log(mu.R)) - mu.R), 

                   gaussian = sum(((y - mu.R)^2)/-2), 

                   binomial = sum(y*log(mu.R/(1 - mu.R)) + log(1 - mu.R)), 

                   Gamma = sum(-y/mu.R - log(mu.R)),  

stop("Error: distribution not recognized"))} 

 

sapply(list(M1B, M1A), QIC) 
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#Backwards step selection procedure if necessary  

## Some examples for pairwise comparisons with dummy coding 

# create a specific linear combination of components of beta 

# check that X*beta is the first component only 

# note that matrix multiplication is %*%, not * 

Summary(M1B) 

 

##Pm1H vs Pm1L 

X<-c(0,0,1,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0) 

esticon(M1B, X) 

 

##Pm1M vs Pm1L 

X1<-c(0,0,1,-1,0,0,0,0,1,-1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0) 

esticon(M1B, X1) 

 

##Pm2H vs Pm2M 

X2<-c(0,0,0,1,0,0,0,0,0,1,0,0,0,0,1,0,0,0,0,0,1,0,0,0,0) 

esticon(M1B, X2) 

 

##Pm2H vs Pm2L 

X3<-c(0,0,1,0,0,0,0,0,1,0,0,0,0,1,0,0,0,0,0,1,0,0,0,0,0) 

esticon(M1B, X3) 

#Perform a Bonferroni correction 
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CHAPTER IV 

 

DAILY TEMPERATURE FLUCTUATIONS 

 ALTER INTERACTIONS AMONG CLOSELY 

RELATED SPECIES 

 

 

Slightly modified from: 

De Meester, N., dos Santos, G.A.P., Rigaux, A., Valdes, Y., Derycke, S. & Moens, T. (2015) 

Daily temperature fluctuations alter interactions between closely related species of marine 

nematodes. PloS one, 10, e0131625
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Abstract  

In addition to an increase in mean temperature, climate change models predict decreasing 

amplitudes of daily temperature fluctuations. In temperate regions, where daily and seasonal 

fluctuations are prominent, such decreases in daily temperature fluctuations can have a 

pronounced effect on the population performance of species and on the outcome of species 

interactions. In this study, the effect of a temperature regime with daily fluctuations versus 

a constant temperature on the population performance and interspecific interactions of three 

cryptic species of the marine nematode species complex of Litoditis ñmarinaò (Pm I, Pm III 

and Pm IV) were investigated. In a lab experiment, different combinations of species 

(monospecific treatment: Pm I and Pm IV and Pm III alone; two-species treatment: Pm I + 

Pm IV; three-species treatment: Pm I + Pm IV + Pm III) were subjected to two different 

temperature regimes: one constant and one fluctuating temperature. Our results showed that 

fluctuating temperature had minor or no effects on the population performance of the three 

species in monocultures. In contrast, interspecific interactions clearly influenced the 

performance of all three species, both positively and negatively. Temperature regime did 

have a substantial effect on the interactions between the species. In the two-species 

treatment, temperature regime altered the interaction from a sort of mutualism to 

commensalism. In addition, the strength of the interspecific interactions changed depending 

on the temperature regime in the three-species treatment. This experiment confirms that 

interactions between the species can change depending on the abiotic environment; these 

results show that it is important to incorporate the effect of fluctuations on interspecific 

interactions to predict the effect of climate change on biodiversity.   
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Introduction  

Temperature is one of the most important environmental factors affecting many aspects of 

the life cycles of species (e.g. development and growth rates, body size, reproduction, etc.), 

and is considered an important selective agent (Cossins & Bowler, 1987). Over the past 100 

years, global temperature has increased by approximately 0.6 C (Marcott, et al., 2013). 

Climate change models not only predict rising average temperatures, but also an increasing 

frequency of episodic temperature extremes (Easterling, et al., 2000) and decreasing 

amplitudes in daily temperature fluctuations (Walther, et al., 2002). In temperate regions, 

where daily and seasonal fluctuations are prominent, such decreases in daily temperature 

fluctuations can have a pronounced effect on the population performance of species as well 

as on the outcome of species interactions. For instance, lower maximum peak temperatures 

can have species-specific effects on development rate, survival and reproduction of 

individual species. Such effects are difficult to predict, since both increased and decreased 

development rates have been observed under a fluctuating compared to a constant 

temperature regime (e.g. Brakefield & Kesbeke, 1997; Pétavy, et al., 2001). In addition, a 

higher mortality and lower reproduction rate at constant temperature have frequently been 

found (e.g. Johnson & Shick, 1977; Colinet, et al., 2007). Species-specific responses to daily 

fluctuations can potentially influence species interactions in three ways: directly, by 

changing the competitive abilities of species; indirectly, as a result of changes in population 

dynamics of one of the species which indirectly influences other species (e.g. by food 

depletion); or by a combination of both direct and indirect processes (Litchman & 

Klausmeier, 2001). Moreover, if species respond differentially to environmental 

fluctuations, daily temperature cycles can contribute to a stable coexistence between species 

(Descamps-Julien & Gonzalez, 2005). Closely related species are expected to have high 

competition (Darwin, 1859), and changes in temperature fluctuations may therefore lead to 

changes in interspecific interactions and facilitate the co-occurrence of species.  

An intriguing case of coexistence is that of closely related, morphologically highly similar 

cryptic species. These cryptic species are morphologically indistinguishable, but genetically 

different (Bickford, et al., 2007). Coexistence of cryptic species in natural environments has 

been reported at small geographical scales in a broad range of taxa (e.g. Molbo, et al., 2003; 

Zhang, et al., 2004; Derycke, et al., 2008a; Peng, et al., 2008), and interactions between 

cryptic species have been commonly observed (e.g. Ortells, et al., 2003; De Meester, et al., 

2011 (chapter II)). Despite this natural coexistence, some laboratory studies have shown that 
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permanent coexistence between closely related species is unlikely under constant 

environmental conditions (Hanski & Ranta, 1983; De Meester, et al., 2011 (chapter II)). If 

species have different abiotic optima, environmental fluctuations may be important in 

maintaining coexistence, and as a consequence, decreasing amplitudes of daily 

environmental fluctuations may affect the coexistence of cryptic species.  

Cryptic diversity has been frequently observed in coastal nematodes (Derycke, et al., 2013). 

In the morphospecies Litoditis ñmarinaò (Sudhaus, 2011); henceforth referred to as L. 

ñmarinaò, formerly known as Rhabditis marina or Pellioditis marina, at least 10 cryptic 

species have been found (Derycke, et al., 2008b). Species of the L. ñmarinaò species 

complex are typical colonizers of decaying algae and show explosive population growth and 

rapid colonization/extinction dynamics (Derycke, et al., 2007a). These species show 

concordant molecular divergences at nuclear and mitochondrial loci (COI, ITS, D2D3), but 

lack single distinctive morphological differences (Derycke, et al., 2008a; 2008b; Fonseca, et 

al., 2008). Four of them (Pm I, Pm II, Pm III and Pm IV) frequently occur in the littoral zone 

of the south-western coast and estuaries of The Netherlands (Derycke, et al., 2006; 2008b), 

in which pronounced daily temperature fluctuations are common. Pm I and Pm IV are the 

most closely related species but cross-breeding between them does not occur (Fonseca, et 

al., 2008). Sympatric occurrence of two or more of these species on decomposing algae is 

rule rather than exception (Derycke, et al., 2006; 2008b). This coexistence is intriguing since 

competition between the species exists (De Meester, et al., 2011; chapter II): Pm I and Pm 

III proved to be competitively superior to Pm II and Pm IV, but the precise nature of this 

competition is still unknown, and it may shift from contest to scramble competition 

depending, among other things, on the abiotic environment. Moreover, facilitation has been 

demonstrated between these four cryptic species of Litoditis marina in experiments using 

closed microcosms (De Meester, et al., 2011; chapter II). Dispersal may be one of the 

mechanisms enabling temporary coexistence (De Meester, et al., 2015b). Moreover, 

differential population responses to salinity (De Meester, et al., 2015a; chapter III) and 

partial differences in their gut bacterial communities (Derycke, et al., 2016; chapter V) 

suggest at least some degree of niche differentiation. Moreover, species-specific responses 

to temperature in a range of 15 to 25 °C exist (De Meester, et al., 2015a; chapter III). Salinity 

can influence these interspecific interactions (De Meester, et al., 2011; chapter II), but the 

effect of temperature on these interspecific interactions has not been investigated.  
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In this study, the effect of a temperature regime with daily fluctuations versus a constant 

temperature on (a) the population performance (here estimated from population size, both 

for juveniles and adults, (Benton & Grant, 2000)) and (b) interspecific interactions of three 

cryptic species of the L. ñmarinaò species complex (Pm I, Pm III and Pm IV) were 

investigated. Based on previous research (Derycke, et al., 2008b; De Meester, et al., 2011 

(chapter II); 2015a (chapter III)), we expected that (a) species which perform better at higher 

temperatures may, due to the higher maximal temperature in the fluctuating temperature 

regime, also have a higher population performance at fluctuating temperature. Pm III showed 

a geographical distribution in warmer regions compared with the other species (Derycke, et 

al., 2008b) and had a shorter juvenile development time at higher temperature (De Meester, 

et al., 2015a; chapter III), which suggests that Pm III may have a higher population 

performance at fluctuating temperature, due to the higher maximal temperature in this 

regime. This can also affect species interactions (b), with a dominance of the species with a 

higher population performance. We can thus expect that Pm III will be dominant over Pm I 

and Pm IV. However, differences in competitive abilities between the different species can 

also affect these interactions and temperature fluctuations can have indirect species-specific 

effects on them. Pm I was found to be competitively superior to Pm IV (De Meester, et al., 

2011; chapter II), so we expected Pm IV to have very low abundances or even to go extinct. 

This study can help us to better understand the coexistence of these closely related species 

on small spatial scales in natural environments.  
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Materials & Methods  

Nematode cultures 

Nematodes for the experiments were harvested from monospecific stock cultures in 

exponential growth phase. Monospecific cultures of three different cryptic species (Pm I, 

Pm III and Pm IV) were each raised from one single gravid female, obtained from the field 

(for Pm I and Pm III Paulina marsh, Westerschelde, The Netherlands; for Pm IV Lake 

Grevelingen, The Netherlands) in September 2009,  and maintained on sloppy (1%) 

nutrient:bacto agar media (temperature of 20°C; salinity of 25) with unidentified bacteria 

from their habitat as food (Moens & Vincx, 1998). The temperature of the stock cultures is 

comparable with the average temperature in the field during summer, while a salinity of 25 

approximates the mean salinity in their natural environment.  

Temperature experiments 

The experiment comprised three monospecific treatments (respectively M1, M3 and M4 for 

Pm I, Pm III and Pm IV), one two-species treatment with the two most closely related 

species: Pm I and Pm IV (D), and one treatment with all three species (T). These treatments 

(M, D or T) were called the óinterspecific interactionô treatment. Three females and two 

males per cryptic species were incubated in all treatments using an additive design (Jolliffe, 

2000). Hence, total number of nematodes and species varied depending on the treatment (5 

nematodes for M, 10 for D and 15 for T). Because intraspecific competition is known to be 

prominent in these nematodes (De Meester, et al., 2015b; chapter VII), numbers per species 

were kept constant in order to be able to elucidate the effect of interspecific competition in 

all treatments. By adjusting the size of the petri dish, the amount of agar medium and the 

amount of food (see further), the available space and resources per inoculated nematode in 

every treatment were kept constant. Monospecific treatments (M1, M3 and M4) were 

incubated in small petri dishes (inner diameter of 5.4 cm) with 4 mL of 1% bacto agar and 

50 µL of a suspension of frozen-and-thawed Escherichia coli (strain K12, density of 3x1010 

cells mL-1 (dos Santos, et al., 2008)). The D treatment was incubated on petri dishes with the 

same inner diameter of 5.4 cm, but with 8 mL of 1% bacto agar medium and 100 µL of the 

same E. coli suspension used for the monospecific treatments. Finally, treatment T contained 

the three species together on petri dishes with an inner diameter of 8.4 cm, 12 mL of 1% 

bacto agar and 150 µL of E. coli suspension. Food was added at the start of the experiment 

and again after 14 days. Each treatment was replicated nine times (3 replicas at 3 time 

moments) at two different temperature regimes: a constant air temperature (C) of 20°C and 
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a fluctuating air temperature (F) with 12h of 15°C followed by 12h of 25°C (the change in 

temperature took approximately half an hour to establish and stabilize). A temperature of 

20°C represents average summer temperature, whereas 15°C and 25°C represent fairly 

common daytime minimum and maximum temperatures during summer (Vlaams-

Nederlandse Scheldecommissie, Werkgroep Onderzoek en Monitoring). The average 

temperature was equal in both treatments. All plates were sealed with Parafilm, which 

prevents evaporation of the agar but still allows oxygen diffusion into the plates. Salinity of 

the agar medium was 25. The pH of the agar medium was buffered at 7.5 ï 8 with TRIS-

HCl in a final concentration of 5mM, which increases the initial salinity by ca. 1.2 units. 

Cholesterol (100 µL L-1) was added as a source of sterols, because nematodes on a purely 

bacterial diet appear incapable of de novo synthesis of specific sterols (Vanfleteren, 1980). 

After 7, 14 and 21 days, three replicates of every treatment (temperature regime x 

óinterspecific interactionô treatment) were frozen (- 20°C) for later counts and analysis of the 

assemblage structure and abundance. For the counts of adults and juveniles we used a 

stereomicroscope for all treatments. Relative quantification of each species in the D and T 

treatments was based on DNA extraction and qPCR analysis (Derycke, et al., 2012) 

following the same method as in a previous paper (De Meester, et al., 2015b; chapter VII). 

Absolute numbers per species were calculated by multiplying the relative abundances with 

the total numbers of the plate. 

Statistical analyses 

A. Effect of temperature on the population performance of the species 

Within each species, 3-way ANOVAs were conducted on the numbers of adults and 

juveniles separately to test the effect of temperature (C or F), interspecific interactions (in 

case of Pm I and Pm IV: M1/M4, D and T and in case of Pm III: M3 and T) and time. No 

overall ANOVA with species as factor could be conducted as the data of the different species 

are not independent from each other within the D and T treatment. ANOVAs were conducted 

in the statistical software package R (R Development Core Team, 2008). A Tukey Honest 

Significant Differences test was performed on the highest significant factor. To achieve 

normality of the data, a log transformation was performed for data of adults and juveniles of 

Pm I and for juveniles of Pm IV. For Pm III adults, a PERMANOVA (Anderson, 2001)(on 

the basis of Euclidean distance with 999 permutations) was conducted because the 

assumptions for normality were not met, even after transformation. A pairwise 
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PERMANOVA was conducted on the significant factors. PERMDISP was performed to test 

the homogeneity of variances (distances to the median). 

B. Effect of fluctuating temperature on the interactions between the species 

PERMANOVA was also used to investigate the effect of the different temperature regimes, 

interspecific interactions and time on juvenile and adult assemblage dynamics. This was 

done by comparing adult and juvenile assemblage compositions in fictitious and real 

assemblages. A fictitious assemblage (F) per time moment and treatment was constructed 

by using the relative abundances of each species in the monospecific treatments (respectively 

M1 + M4 (=FiD) and M1 + M3 + M4 (=FiT)). These fictitious assemblages reflect species 

composition without interspecific interactions and were compared with the assemblage 

compositions in which more than one species was present and interspecific interactions were 

possible (FiD vs. D and FiT vs. T). The relative contribution of each species was the 

dependent variable, and the independent fixed factors were time (day 7, 14 and 21), 

temperature regime (C or F) and interspecific interactions (for Pm I and Pm IV: FiD (no 

interspecific interactions) compared with D (with interspecific interactions), for Pm I, Pm 

III and Pm IV: FiT (no interspecific interactions) compared with T (with interspecific 

interactions)). Significant terms and interactions were investigated using posterior pair wise 

comparisons within PERMANOVA. PERMDISP was performed to test the homogeneity of 

multivariate dispersions (distance to the centroid). A log transformation on the adults was 

used for the treatment with two species and a fourth root transformation on the juveniles was 

performed in the treatment with three species to achieve this homogeneity. A SIMPER 

analysis was used to identify which species primarily accounted for the observed differences. 

In addition, an ANOVA was conducted to compare the total number of nematodes 

(regardless species identity) in FiD with D and FiT with T. A Tukey Honest Significant 

Differences test was performed on the significant factors. 
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Results 

Effect of temperature regime and interspecific interactions on the population 

performance of the species 

Temperature regime had no effect on the juvenile or adult abundances of Pm I (Fig. 1a). 

However, the abundance of Pm I adults was influenced by interspecific interactions and time 

(Table 1). Lower abundances of adults and juveniles were found when all three species were 

present (treatment T) compared with the two other treatments (all p< 0.03). No significant 

interaction terms were found (Table 1).  

Temperature regime also had no effect on juvenile and adult abundances of Pm IV, while 

interspecific interactions and time did affect adult and juvenile abundances (Table 1). For 

this species, however, the highest abundances of adults were found in the D treatment (Pm I 

and Pm IV together) (p< 0.0001) (Fig. 1b). Significant interaction terms were only found for 

the juvenile abundances between interspecific interaction treatment and time (Table 1). Pm 

IV juveniles had higher abundances in the D treatment (1121 ± 107.2 juveniles) compared 

with the M4 treatment (193 ± 69.6 juveniles) only after 7 days. In the T treatment, lower 

juvenile abundances (92 ± 55.4 juveniles) were present after 21 days compared with the M4 

and D treatment (respectively 447 ± 83.1 and 1109 ± 191.7).  

Temperature regime did not affect adult abundances of Pm III, but it did affect juvenile 

abundances dependent on time (Table 1, Fig. 1c). Numbers of Pm III adults were influenced 

by the interaction of time and interspecific interaction treatment , with more adults after 14 

days when Pm III occurred alone (M3: 168 ± 17.7) compared to the treatment where Pm III 

was incubated together with the two other species (T: 47 ± 23.6) (pairwise PERMANOVA: 

p=0.005). This difference was not present after 7 or after 21 days. Time, temperature regime, 

interspecific interactions treatment, the interaction between time and temperature and the 

interaction between time and interspecific interactions treatment all had significant 

influences on the juvenile abundances of Pm III (Table 1). After 14 and 21 days, lower 

juvenile Pm III abundances were found in the T treatment (respectively 368 ± 160.9 and 287 

± 158.0) compared with the M3 treatment (respectively 1787 ± 354.9 and 1149 ± 176.9). 

After 14 days, more juveniles were found at the fluctuating temperature (1570 ± 457.5) 

compared with a constant temperature regime (584 ± 215.9). In tables 2 and 3, respectively, 

the average number of nematodes in the different treatments and an overview of the effect 
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of the interspecific interactions on the population performance of all three species can be 

found. 

 

Figure 1: Time-averaged number of nematodes (± SE) of Litoditis ñmarinaò species (adults 

and juveniles) in the different interspecific interaction treatments (three species: T, two 

species: D and one species: M) and different temperature treatments (F and C) for (a) Pm I, 

(b) Pm IV and (c) Pm III.



Table 1: Results of the within-species statistical analyses on population performance (independent factors: temperature (fluctuating vs. constant), 

interspecific interactions (M, D and T for Pm I and Pm IV; M and D for Pm III) and time; dependent factors: number of adults and juveniles in three 

cryptic species of Litoditis ñmarinaò). Level of confidence = 95 %. Interspec.int.= interspecific interactions; temp.= temperature; p= statistical p value; 

F=F statistic. 

   Pm I Pm IV Pm III 

  Df Adults Juveniles Adults Juveniles Adults Juveniles 

  Pm I / Pm IV 
(Pm III) 

F p F p F P F p F p F p 

Temp. 1 0.13 0.72 1.15 0.29 0.42 0.53 <0.001 0.99 0.25 0.61 6.56 0.017 

Intersp.int. 2 (1) 19.71 <0.001 9.31 
<0.0

01 
15.93 <0.001 16.38 <0.001 1.22 0.23 27.61 <0.001 

Time 2 6.10 0.005 2.95 0.07 5.42 0.009 5.33 0.009 3.11 0.07 14.90 <0.001 
Temp.:Intersp.int. 2 (1) 1.35 0.27 0.30 0.74 1.69 0.20 0.18 0.83 2.11 0.16 1.33 0.26 
Temp.:Time 2 2.96 0.06 0.54 0.59 1.77 0.18 0.34 0.72 2.10 0.15 7.40 0.003 
Intersp.int.:Time 4 (2) 1.23 0.32 0.79 0.54 1.45 0.24 7.10 <0.001 4.40 0.02 16.90 <0.001 
Temp.:Intersp.int.: 
Time 

4 (2) 2.05 0.11 0.65 0.63 0.41 0.80 0.13 0.97 2.98 0.07 2.72 0.09 
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Table 2: Number of nematodes ± SE (adults or juveniles) over time for the different 

temperature treatments (Co= constant; Fl= fluctuating) and interspecific interaction 

treatments. 

  Adults M D T 

Pm I 

  Co Fl Co Fl Co Fl 

7 days 48 ± 14 89± 23 37± 18 74± 67 5± 4 55± 29 

14 days 187 ± 94 300± 40 803± 347 78± 51 79± 40 1± 1 

21 days 311± 25 293± 43 1003± 392 353± 142 83± 82 157± 86 

  Adults M D T 

Pm IV 

 Co Fl Co Fl Co Fl 

7 days 89 ±44 62 ±32 428 ±32 350 ±54 317 ±60 142 ±97 

14 days 257 ±37 300 ±40 590 ±254 994 ±197 228 ±90 316 ±38 

21 days 201 ±11 205 ±48 344 ±263 570 ±259 168 ±85 26 ±15 

  Adults M   T 

Pm III 

 Co Fl   Co Fl 

7 days 78±37 90±48   11±11 108±60 

14 days 156±8 179±37   79±39 14±11 

21 days 100±3 136±14     269±84 91±71 

  Juveniles M D T 

Pm I 

  Co Fl Co Fl Co Fl 

7 days 99±45 286±46 118±21 67±21 92±54 52±18 

14 days 986±463 818±288 537±330 606±280 150±93 292±287 

21 days 1304±53 634±219 463±200 526±335 380±341 107±80 

 Juveniles M D T 

Pm IV 

 Co Fl Co Fl Co Fl 

7 days 169±64 217±140 1030±124 1212±348 442±108 462±159 

14 days 555±75 818±288 1220±403 978±334 454±246 886±451 

21 days 537±149 356±63 1162±160 1056±394 140±114 44±10 

 Juveniles M   T 

Pm III 

 Co Fl   Co Fl 

7 days 88±16 74±15   287±148 525±383 

14 days 1018±189 2554±71   150±93 586±271 

21 days 1213±288 1086±264   360±323 214±122 
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Table 3: Summary of the effect of interspecific interactions on population abundance 

(adults and juveniles) of the different cryptic species of Litoditis ñmarinaò (Pm I, Pm III and 

Pm IV) in the D (Pm I + Pm IV) and T treatment (PmI, Pm III and Pm IV) compared with 

the M treatment (0= statistically no differences; -: lower abundance compared with M; +: 

higher abundance compared with M). 

* at constant temperature a positive effect for Pm I adults occurred 

 a at 14 days a negative effect occurred 

b at 21 days a negative effect occurred 

c  at day 7 no difference was found 

 

Assemblage composition and dynamics 

In the treatment with two species, total abundances of adults and juveniles (regardless 

species) were affected by time and interspecific interactions treatment (see Table 4a), but 

not by temperature. Lowest abundances of nematodes occurred after 7 days. They did not 

differ between 14 and 21 days. Much higher numbers of nematodes were observed in the D 

treatment compared with the FiD treatment (respectively 930 ± 171.6 vs. 97 ± 83.9 adults 

and 1459 ± 95.1 vs. 1074 ± 274.6 juveniles (Fig. 2)). Comparing adult assemblage dynamics 

of Pm I and Pm IV between the D and FiD treatments showed significant effects of 

interspecific interactions, time and the interaction of interspecific interactions with 

temperature regime on the assemblage composition (Table 4b). Pm I became dominant over 

Pm IV in the D treatment at the end of the experiment at a constant temperature, but the 

opposite was true at a fluctuating temperature. In the fictitious treatment (FiD), however, Pm 

IV was not dominant over Pm I at this fluctuating temperature (Fig. 2a). For juvenile 

assemblage dynamics, only time and interspecific interactions were significant (Table 4b, 

Fig. 2b). A clear effect of interspecific interactions was shown, with Pm IV juveniles being 

dominant over Pm I in the D treatment compared with the FiD treatment independent of 

temperature regime.  

               Adults              Juveniles 

  D T D T 

Pm I 0* 0 0 - 

Pm IV + 0 + 0b 

Pm III NA 0a NA - c 
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Figure 2: Total number of nematodes (adults: a + b, juveniles: c + d) over time (average ± SE) in the 

different  temperature treatments (constant temperature: a + c, fluctuating temperature: b + d) with 

assemblage dynamics at the different sampling times for the D treatment (Pm I and Pm IV with 

interspecific interactions) and the FiD treatment (Pm I and Pm IV without interspecific interactions).  
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Table 4: Results of the statistics on A) total abundances regardless species (results of 3-way 

ANOVAôs) and B) adult and juvenile assemblage compositions (3-way PERMANOVA). 

For both the effect of temperature (constant vs. fluctuating), interspecific interactions 

(fictitious vs. real populations) and time was studied for experiments with two species (D vs. 

FiD) and three species (T vs. FiT). Level of confidence = 95 %. Interspec.int. = interspecific 

interactions; temp.= temperature; p= statistical p value; F=F statistic. 

 

 

 

 

  

A)   D compared with FiD T compared with FiT 
Total abundances  Df Adults Juveniles Adults Juveniles 

regardless species   F p F p F p F p 

Temp. 1 1.99 0.17 1.81 0.19 6.89 0.004 5.89 0.023 
Intersp.int. 1 50.03 < 0.0001 7.10 0.013 0.16 0.69 17.35 < 0.0001 
Time 2 24.30 < 0.0001 10.55 0.0005 4.60 0.004 17.71 < 0.0001 
Temp.:Intersp.int. 1 5.12 0.03 0.40 0.53 5.05 0.034 0.41 0.53 
Temp.:Time 2 0.84 0.44 2.20 0.13 2.36 0.12 8.46 0.002 
Interspec.int.:Time 2 2.49 0.10 2.47 0.11 4.73 0.019 14.95 < 0.0001 
Temp.:Intersp.int.: 

2 0.91 0.42 0.51 0.61 2.17 0.14 1.19 0.32 
Time 

 B)  D compared with FiD T compared with FiT 
Assemblage  Df Adults Juveniles Adults Juveniles 
composition  F p F p F p F p 

Temp. 1 2.88 0.09 0.99 0.39 1.88 0.18 3.66 0.019 
Intersp.int. 1 9.27 0.001 14.59 0.001 0.17 0.69 14.42 0.001 
Time 2 5.38 0.002 3.88 0.01 6.88 0.004 9.01 0.001 
Temp.:Intersp.int. 1 4.36 0.03 0.62 0.51 5.05 0.034 0.83 0.46 
Temp.:Time 2 1.24 0.30 0.70 0.60 0.85 0.44 3.79 0.002 
Interspec.int.:Time 2 1.01 0.40 1.26 0.28 4.73 0.019 7.69 0.001 
Temp.:Intersp.int.: 
Time 

2 1.22 0.33 0.76 0.49 2.17 0.14 1.34 0.24 
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In the treatments with three species, total numbers of adults (regardless species) were 

affected by time, the interaction between time and interspecific interactions treatment as well 

as the interaction between interspecific interactions treatment and temperature (Table 4a), 

with lower numbers of adults in the T treatment compared with the FiT treatment at 

fluctuating temperature at the end of the experiment (Fig. 3). In the T treatment, more adults 

were found at the constant temperature compared with the fluctuating temperature 

(respectively 358 ± 43.2 and 232 ± 43.0 adults). Total abundances of juveniles (regardless 

species) were affected by time, interspecific interactions treatment, temperature, the 

interaction between time and interspecific interactions treatment, and the interaction between 

time and temperature (Table 4a). Abundances of juveniles differed between the T and FiT 

treatment after 14 days and 21 days, with very low numbers of juveniles in the T treatment. 

Only at day 14, numbers of juveniles were higher in the fluctuating temperature regime 

compared with the constant temperature (Fig. 3). For the assemblage dynamics, no effect of 

temperature regime on the adult assemblages was found. There was an effect of time, 

interspecific interactions (T vs FiT) and the interaction of time and interspecific interactions 

(Table 4b) on the adult assemblages. Differences in assemblage dynamics were found 

between the FiT and the T treatment at every time moment (Fig. 3). SIMPER analysis 

showed that Pm I was the main responsible for the dissimilarity between these treatments. 

Pm I was less abundant in the T treatment than expected based on the FiT-treatments, in 

which Pm I became dominant after 14 days (Fig 3a + b), while Pm IV was the most abundant 

species in the T treatment after 7 and 14 days and Pm III after 21 days. Moreover, juvenile 

assemblage composition was also influenced by time, interspecific interactions, temperature, 

the interaction of time and interspecific interactions and the interaction of time and 

temperature (Table 4b, Fig. 3 c-d). The assemblage dynamics for juveniles differed between 

the FiT and T treatment and corresponded well with those observed in the adults. After 7 

days, Pm I juveniles were less dominant in the T treatment than expected based on the FiT 

treatment, and after 14 days Pm IV was the most abundant species in the T treatment. After 

21 days Pm III juveniles became more abundant compared with the other time moments (Pm 

III contributions to differences between time moments: all > 47.63%). The difference 

between the FiT and T treatment was mainly due to Pm IV (65.23% contribution to the 

dissimilarity). Temperature regime had an effect on day 14, when Pm III juveniles were 

more abundant at constant temperature compared with the fluctuating temperature (Pm III 

contributed 62.11 % to this dissimilarity).  
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Figure 3: Total number of nematodes (adults: a + b, juveniles: c + d) over time (average ± 

SE) in the different temperature treatments (constant temperature: a + c, fluctuating 

temperature: b + d) with assemblage dynamics at the different sampling times: pie charts for 

the T treatment (Pm I, Pm IV and Pm III with interspecific interactions), and the FiT 

treatment (Pm I, Pm IV and Pm III without interspecific interactions). 
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Discussion 

The results of this study demonstrate that interspecific interactions rather than temperature 

regime governed assemblage dynamics of species mixtures. The effect of daily temperature 

fluctuations in the tested range on the population performance of cryptic species of Litoditis 

ñmarinaò is limited and species-specific. However, assemblage dynamics of the species 

differed between fluctuating versus constant temperature, indicating that interactions 

between the species changed depending on the temperature regime.  

Fluctuating temperature and interspecific interactions affect population performance 

in a species-specific way 

Fluctuating temperature had no differential effect compared with constant temperature on 

the population performance of Pm I and Pm IV populations. However, the population 

performance of Pm III was affected by temperature regime dependent on time: higher 

juvenile abundances occurred after 14 days under fluctuating temperature (Table 2). This 

could be the result of a positive effect of the maximum temperature on life-history traits, 

such as reproduction and development time (Atkinson, 1996). Experiments at constant 

temperatures have indeed shown that Pm III performs better at 25°C than at 15°C (De 

Meester, et al., 2015a; chapter III), and that this effect is more pronounced than in the other 

cryptic species. Moreover, phylogeographic data show the presence of Pm III in regions with 

higher average temperatures, where the other species were absent (Derycke, et al., 2008b). 

This may indicate that Pm III is better adapted to higher temperatures than the other cryptic 

species, while it does not perform worse than the other species at lower temperatures (15°C 

and 20°C (De Meester, et al., 2015a; chapter III)). However, the higher abundance of Pm III 

juveniles at fluctuating temperature was a transient feature only found after 14 days, which 

could also point to a stress response (different conditions compared with the stock culture). 

Hence, temperature regime had only limited effects on population performance of any of the 

three Litoditis species in monoculture.  

In contrast, interspecific interactions clearly influenced the population performance of all 

three species, both positively and negatively. Decreased population sizes are the result of 

interspecific competition between the species, which can be due to reductions in survival, 

growth or fecundity (Begon, et al., 2009). Competition was asymmetrical, mainly affecting 

the abundances of Pm I and Pm III juveniles but not those of Pm IV. Asymmetrical 

competition has also been found among other bacterial-feeding free-living nematodes 

(Postma-Blaauw, et al., 2005; dos Santos, et al., 2009). In contrast, Pm IV appeared to benefit 
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from the presence of Pm I (D treatment), suggesting some sort of facilitative interaction 

(Bruno, et al., 2003). Over time, the interspecific interaction effect sometimes changed 

(Table 3), which indicates that population dynamics are still changing and that longer-term 

studies can be important to properly predict the outcome of those interactions.  

Fluctuating temperature alters some interspecific interactions  

Temperature fluctuations altered interactions between Pm I and Pm IV in the two-species 

treatment but not in the three-species treatment. Pm I and Pm IV are phylogenetically more 

closely related to each other than to other cryptic Litoditis ñmarinaò species, and we 

therefore expected stronger competition between them according to the competition-

relatedness relationship (Darwin, 1859). Indeed, in a previous competition experiment with 

four cryptic species in closed microcosms under constant environmental conditions, Pm IV 

was completely outcompeted (De Meester, et al., 2011; chapter II) and Pm I was still very 

abundant. The current experiment contradicts our prediction: Pm I and Pm IV were able to 

coexist in high abundances, even under constant temperatures, suggesting that Pm I was not 

the main competitor of Pm IV in our earlier experiment, and/or that the presence of additional 

species changes the type of their interaction. In fact, at a constant temperature, both Pm I 

and Pm IV attained higher population abundances when they occurred together (without the 

third species, D treatment) (for adults and juveniles in Pm IV, only for adults in Pm I), 

suggesting a sort of facilitative mutualism (Bruno, et al., 2003; Valiente-Banuet & Verdú, 

2008). Higher total nematode densities at the start of the experiment can potentially affect 

bacterial growth and abundance through grazing or mucus production (Moens, et al., 2005) 

and could thus have increased food availability and enhanced nematode growth in both 

species. At fluctuating temperature, the facilitative effect was still pronounced for Pm IV, 

but disappeared for Pm I. Pm IV now became more abundant than Pm I, pointing at a 

facilitative commensalism, with a positive effect of Pm I on Pm IV, and no effect of the 

presence of Pm IV on Pm I. Temperature regime thus altered the interaction between these 

two species from a sort of mutualism to commensalism, demonstrating that interactions 

between the species can change depending on the abiotic environment (Dunson & Travis, 

1991). Such environmental impacts on species interactions could result from species-

specific responses to the abiotic environment. However, in this experiment, no significant 

differences in population performance were found in the monospecific treatments at 

fluctuating temperature compared with the constant temperature. Experiments on their life 

history at constant temperatures (15°C, i.e. the lowest temperature in our F treatment, 20°C 
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and 25°C, i.e. the highest temperature in our F treatment) revealed no obvious differences in 

juvenile development time, reproduction rate or total population development between these 

two L. ñmarinaò species (Pm I and Pm IV) (De Meester, et al., 2015a; chapter III), 

suggesting that differences in their life histories at these temperatures are negligible. 

Nevertheless, some studies on fish and butterflies have shown that fluctuating compared to 

constant temperatures caused shorter development times (Fischer, et al., 2011), and we did 

not include development or generation time as life-history traits in our present experiment. 

Hence, further investigation on the effect of fluctuating temperature on generation time is 

needed to check if the difference in interactions is the result of differences in life history. 

Another possibility is a direct effect on the interspecific behaviour of the two species with 

the abiotic factors having an effect on the way species interact with each other (Dunson & 

Travis, 1991), for instance by influencing interference behaviour (Amarasekare, 2002). 

Additionally, the result of the interspecific interactions was not fully consistent among adults 

and juveniles: whereas adult abundances of both Pm I and Pm IV were higher in the 

combination treatment (D, a sort of mutualism), only Pm IV juveniles were more abundant 

in the D than in the M treatment (facilitative commensalism). Processes as maturation, 

reproduction and mortality could be differentially influenced at each stage of the individual 

by interspecific competitive interactions (Mougi & Nishimura, 2005). Valiente-Banuet and 

Verdú (2008) demonstrated in plants that interactions can alter along their development 

and/or in response to temporal fluctuations of the environment. In this experiment, an effect 

of both could be found: differential interactions between adults and juveniles of the different 

species were found under certain abiotic conditions. Juveniles have often been demonstrated 

to be more sensitive to various kinds of environmental stress than adults (Martinez, et al., 

2012), which may contribute to such differential interactions.  

The interactions between the species changed when three species were present (T treatment), 

and temperature did not alter these interactions; however, the total number of nematodes 

(regardless species) was affected by the temperature regime. Over time, the dominance of 

the species changed in adult and juvenile assemblages in both temperature regimes: in the 

beginning, Pm IV was the most abundant species, whereas after 21 days Pm III became the 

most abundant one. This suggests that the community was still changing after three weeks. 

For Pm III juveniles this dominance occurred faster for the constant temperature (already at 

14 days) compared with the fluctuating temperature. However, Pm I and Pm III showed 

lower abundances in the T treatment compared to the respective monospecific treatments 
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(M1 and M3) (Fig. 1), which can be the result of competition between these two species. No 

effect of Pm I and Pm III on Pm IV was found. These results are in conflict with a previous 

study (De Meester, et al., 2011; chapter II) in which the same species, together with a fourth 

one (Pm II), were simultaneously inoculated into closed microcosms. In that experiment, Pm 

II and Pm IV adults went extinct after 35 days at a constant temperature of 20°C, whereas 

no substantial effect of competition on Pm I and Pm III was evident. Perhaps the time frame 

of the present experiment was too short for this competitive effect to become manifest. The 

fact that Pm IV juvenile abundance dropped after 21 days in the T treatment compared to 

the M4 treatment may point to this explanation. Alternatively, the extinction of Pm IV in 

that previous experiment could have mainly resulted from competition with Pm II and/or Pm 

II could have changed the interactions between the other species. It seems that there are 

complex interactions between the species, which are not just the sum of their separate 

pairwise interactions. As a result, a competitively intransitive network, in which speciesô 

abilities cannot be ranked in a hierarchy (Rojas-Echenique & Allesina, 2011), exists in this 

cryptic species complex. An addition of one species to a community can change all existing 

interactions between the others. One species can alter the effect that another species has on 

a third one, and thus pairwise species interactions are influenced by the presence and density 

of other species in the community. These indirect effects may importantly affect the success 

of a species (Higashi & Patten, 1989). Moreover, total number of juveniles was lower when 

interspecific interactions occurred, again pointing to the fact that juveniles may be more 

sensitive to stress (Martinez, et al., 2012). Altough there was no clear effect of temperature 

regime on the assemblage dynamics, fluctuating temperature had an effect on the total 

abundances of nematodes over time (regardless species) in the T treatment, with a decrease 

in abundances by the end of the experiment compared with the constant temperature. This 

could point out that the competitive interactions will be more severe for all species at 

fluctuating temperature, without affecting the relative contribution of each species. Salinity 

already proved to have an effect on the strength of the interactions between Litoditis species 

(De Meester, et al., 2011; chapter II), showing that differences in abiotic parameters can 

change the strength of interspecific interactions. 
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Conclusions 

The results of this experiment indicate that fluctuating temperature only had a small effect 

on the population performance of one of the three cryptic species studied here, but did 

influence the assemblage composition of the species. Depending on the species combination, 

interspecific interactions changed or became more severe when temperature fluctuations 

occurred. This indicates that there is a complex interaction between abiotic (temperature) 

and biotic (interspecific interactions) factors. As a consequence, the outcome of interactions 

cannot be easily predicted. and a competitively intransitive network between the cryptic 

species of Litoditis ñmarinaò may exist. In natural situations fluctuations in the biotic and 

abiotic regulators can alter the outcome of the interactions between species and may facilitate 

coexistence.  
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Abstract 

Differences in resource use or in tolerances to abiotic conditions are often invoked as 

potential mechanisms underlying the sympatric distribution of cryptic species. Additionally, 

the microbiome can provide physiological adaptations of the host to environmental 

conditions. We determined the intra- and interspecific variability of the microbiomes of three 

cryptic nematode species of the Litoditis ñmarinaò species complex that co-occur, but show 

differences in abiotic tolerances. Roche 454 pyrosequencing of the microbial 16S rRNA 

gene revealed distinct bacterial communities characterized by a substantial diversity (85 ï 

513 OTUs) and many rare OTUs. The core microbiome of each species contained only very 

few OTUs (2 ï 6), and four OTUs were identified as potentially generating tolerance to 

abiotic conditions. A controlled experiment in which nematodes from two cryptic species 

(Pm I and Pm III) were fed with either an E. coli suspension or a bacterial mix was performed 

and the 16S rRNA gene was sequenced using the MiSeq technology. OTU richness was 10 

fold higher compared to the 454 dataset and ranged between 1118 ï 7864. This experiment 

confirmed the existence of species-specific microbiomes, a core microbiome with few 

OTUs, and high interindividual variability. The offered food source affected the bacterial 

community and illustrated different feeding behaviour between the cryptic species, with Pm 

III exhibiting a higher degree of selective feeding than Pm I. Morphologically similar species 

belonging to the same feeding guild (bacterivores) can thus have substantial differences in 

their associated microbiomes and feeding strategy, which in turn may have important 

ramifications for biodiversity ï ecosystem functioning relationships. 
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Introduction  

Many taxa contain species that are morphologically (nearly) identical but show genetic 

differences in neutral markers that are comparable to, or greater than, those observed 

between species with distinct morphologies. These cryptic species have been observed in all 

major taxa and in all biogeographic regions (Pfenninger & Schwenk, 2007). Despite their 

morphological similarity, cryptic species can have distinct evolutionary histories of millions 

of years (Elmer, et al., 2013; Glasby, et al., 2013; Perez-Portela, et al., 2013). The 

conservation of the morphological pattern results from selection-promoting morphological 

stasis and/or from a differentiation in other characters that are invisible to the human eye 

(Bickford, et al., 2007). In the marine environment, cryptic species of benthic invertebrates 

often show a sympatric distribution, but at the same time pronounced habitat preferences 

defined by depth, salinity, temperature and substrate (Knowlton, 1993). Next to these abiotic 

parameters, intrinsic differences between cryptic species, such as the differential use of 

resources or the presence of distinct microbiomes (both in the gut and on the cuticle), may 

impact the sympatric distribution of cryptic species as microbiomes can affect the 

physiology of the host (Cabreiro & Gems, 2013; Sison-Mangus, et al., 2014) which may 

have cascading effects on ecological interactions.  

Substantial cryptic diversity has been observed in the phylum Nematoda (Sudhaus & 

Kiontke, 2007; de Leon & Nadler, 2010; Derycke, et al., 2013; Ristau, et al., 2013). In marine 

sediments, nematodes abound both in numbers and in local species diversity, with several 

tens of species co-occurring at submeter scales (Heip, et al., 1985). Nematode community 

composition, assessed through morphological characters, can be linked to physico-chemical 

characteristics of the sediment (Steyaert, et al., 1999; Vanaverbeke, et al., 2000), and at very 

small spatial scales, microhabitat differences can substantially alter nematode communities 

(Fonseca, et al., 2010; Gingold, et al., 2011). Based on the shape of the buccal cavity and the 

presence/absence of armature in the stoma, marine nematodes have been divided into feeding 

guilds (Wieser, 1953; Moens & Vincx, 1997). Nematodes without buccal armature can feed 

on bacteria and protists, while those having buccal armature can feed on microalgae (e.g. 

diatoms), on micro-invertebrates including nematodes and on other resources (Moens & 

Vincx, 1997). The niches of nematode species delineated by morphology are thus 

determined by a series of abiotic and biotic parameters, but the extent of niche breadth of, 

and niche differences between sympatrically occurring cryptic nematode species remain 

unknown. Moreover, the nematode microbiome influences the physiology of the worm and 
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impacts its longevity (Cabreiro & Gems, 2013) and may, especially in the case of 

bacterivorous nematodes, be linked to the diet of the nematodes. Techniques currently 

available to assess resource use in minute organisms (e.g. stable isotope analysis) are unable 

to distinguish individual resource (Carman & Fry, 2002). The advances in high throughput 

sequencing now allow to more deeply investigate the microbial communities associated with 

sympatric bacterivorous nematode species to determine the extent of resource differentiation 

(bacteria related to food) and of microbiome differentiation (the microbiome ósensu latoô, 

which comprises the bacteria related to food and the microbiome ósensu strictoô containing 

the commensal bacteria).  

The bacterivorous marine nematode Litoditis ñmarinaò (Bastian, 1865) Sudhaus, 2011 

consists of at least 10 cryptic species (Derycke, et al., 2008b), three of which (Pm I, Pm II 

and Pm III) frequently co-occur on seaweed stands and deposits in the coastal area of 

Belgium and The Netherlands (Derycke, et al., 2005). In this region, the most abundant 

seaweeds typically belong to the genus Fucus. Phylogenetic analyses of mitochondrial and 

nuclear genes have revealed that Pm III is more distantly related to Pm I and Pm II (Derycke, 

et al., 2008b). Morphological differentiation between the three species is limited and requires 

a combination of morphometric characters (Derycke, et al., 2008a). No cross breeding 

between the species has been observed under laboratory conditions (Derycke, et al., 2008a; 

Derycke, unpublished data). Their coexistence implies that local populations of the three 

sympatric species experience (nearly) identical sets of abiotic factors like salinity and 

temperature. Nevertheless, both factors differentially impact demographic traits of the three 

species, resulting in a significantly lower minimum juvenile development time at higher 

temperatures and the production of more offspring at lower salinities for Pm III (De Meester, 

et al., 2015a; chapter III). Whether these species have a microbiome and whether such a 

microbiome would differ between species remains unknown. Furthermore, competitive 

interactions have been observed between these cryptic species (De Meester, et al., 2011; 

chapter II) and the presence of a bacterial food source impacted their dispersal behaviour 

(De Meester, et al., 2012; chapter VI). In addition to abiotic factors, niche differentiation 

between the cryptic species may thus be linked to resource divergence. Chemotaxis and 

tracer experiments with the cryptic L. ñmarinaò species and other bacterivorous nematodes 

have shown that they can selectively migrate towards and/or feed on bacterial strains 

(Derycke, personal observations; Moens, et al., 1999; Estifanos, et al., 2013). If such 

selective feeding is present in sympatrically distributed cryptic nematode species, this would 
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support the idea that niche partitioning is an important process allowing their coexistence. 

Bacteria are the main food source of Litoditis ñmarinaò, but occasionally also small green 

algae are taken up (Moens & Vincx, 1997). As such, L. ñmarinaò is considered to be a 

deposit feeder (Moens & Vincx, 1997). The oesophagus contains a distinct middle bulb and 

a poorly developed posterior bulb with valves (Inglis & Coles, 1961) which is very similar 

to the oesophagus of C. elegans and which grinds the bacteria before transmission to the 

intestine (Seymour, et al., 1983). The microbiome ósensu latoô may thus also be linked to 

feeding behaviour. 

The aim of this study was to characterize the bacterial communities associated with co-

occurring cryptic nematode species to reveal the extent of intra- and interspecific 

differentiation in the microbiome under natural field conditions. Single nematode specimens 

from each of three co-occurring species were simultaneously isolated from the same habitat 

in the same location, and a fragment of the microbial 16S rRNA gene was sequenced using 

the 454 GS FLX system (Roche). Next, to test whether the observed differences in bacterial 

communities are linked to resource use, we conducted a laboratory experiment with Pm I 

and Pm III nematodes which had been starved for two days before offering those Escherichia 

coli or a diverse bacterial mix. We expected to find significant differences in OTU 

composition between the two food treatments if the bacterial communities detected with the 

NGS approach indeed reflect resource use. Moreover, selective feeding can be detected if 

different species use different OTUs out of the offered food sources. In addition; when 

significant differences between species irrespective of food are found, this may indicate the 

presence of species-specific microbiomes, which may help explain their differences in 

abiotic tolerances (Cabreiro & Gems, 2013).  
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Material and methods 

Specimen collection 

Individual nematode specimens have been collected in the framework of a geographical and 

seasonal investigation of the population genetic diversity in coastal and estuarine 

environments in Belgium and the southwest of The Netherlands in 2003 (Derycke, et al., 

2006). This study revealed that three closely related, cryptic Litoditis species (at that time 

Pellioditis marina) were co-occurring in the Paulina saltmarsh (51Á21ôN, 3Á49ôE) in October 

2003 (Appendix S1). Fragments of living Fucus sp., one of the preferred habitats for L. 

ñmarinaò, were randomly collected and incubated on agar slants (Moens & Vincx, 1998). 

Nematodes were subsequently allowed to colonize the agar for about two days, during which 

they were able to feed on the natural bacteria associated with the Fucus fragments. No E. 

coli was added to these agar slants. After two days, specimens belonging to the L. ñmarinaò 

species complex were identified under a dissecting microscope using diagnostic 

morphological characters (Inglis & Coles, 1961) and handpicked from the agar with a fine 

needle. All worms were digitally photographed using light microscopy, and stored 

individually in 70 ï 95 % acetone until processed. Specimens were then assigned to cryptic 

species based on the COI genotyping from the population genetic survey (Derycke, et al., 

2006). We randomly selected six nematode specimens each of Pm I, Pm II and Pm III from 

the Paulina marsh samples.  

A. DNA extraction and nematode identification 

DNA was extracted using a simple lysis procedure by transferring individual nematodes to 

Worm Lysis Buffer (50 mM KCl, 10 mM Tris pH 8.3, 2.5 mM MgCl2, 0.45 % NP40, 0.45 

% Tween20). The worms were then cut in pieces with a razor blade, frozen for 10 min at -

20 °C and subjected to proteinase K (60 µg/ml) treatment. Finally, the DNA samples were 

centrifuged for 1 min at maximum speed (13200 rpm) and the supernatant was used in the 

subsequent PCR. In the original study, the mitochondrial cytochrome oxidase c subunit 1 

(COI) gene was amplified and analysed using Single Strand Conformation Polymorphism 

(Derycke, et al., 2006). To double-check species identity, we re-amplified and sequenced the 

COI gene of all specimens for which we still had sufficient DNA. PCR amplification was 

done in 25 µl PCR reactions for 35 cycles, each consisting of a 30 s denaturation at 94 °C, 

30 s annealing at 50 °C, and 30 s extension at 72 °C, with an initial denaturation step of 5 

min at 94 °C and a final extension step of 5 min at 72 °C. Primers JB3 and JB5 were used 

(Derycke, et al., 2006) and unidirectional Sanger sequencing was done with JB3 by 
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Macrogen. The obtained sequences were then compared to published sequences of the 

Litoditis ñmarinaò species complex (Derycke, et al., 2008a). All samples used in this study 

had COI sequences that matched the SSCP based identification. 

B. 16S rRNA gene amplification and 454 GS FLX sequencing of individual 

nematode specimens from the field 

The bacterial communities associated with the six specimens from each of the three co-

occurring nematode species Pm I, Pm II and Pm III were characterized through amplification 

of a portion of the 16S rRNA gene using the DNA extracts from the previous study. The 16S 

rRNA gene was amplified using primers 968F and 1401R (Zoetendal, et al., 1998). 

Amplification was done in 50µl reactions containing 37.3 µl water, 5 µl buffer (10X), 1 µl 

dNTPs (10mM each), 2 µl of each primer (10 ɛM) 0.2 Õl Toptaq polymerase (Qiagen) and 

2.5 µl DNA. Cycling conditions consisted of an initial denaturation of 2 min at 95°C, 

followed by 35 cycles of 95°C for 1 min, 53°C for 45s, 72°C for 3 min, and a final extension 

of 72°C for 10 min. The number of cycles follows that of other environmental bacterial 

surveys (http://www.earthmicrobiome.org/emp-standard-protocols/16s/). The forward 

primer contained the Roche A adaptor (CGTATCGCCTCCCTCGCGCCATCAG) and an 

11 bp MID tag, while the reverse primer contained the Roche B adaptor 

(CTATGCGCCTTGCCAGCCCGCTCAG) and an 11 bp MID tag. The MID tags are 

provided in appendix S2 and allowed separation of the sequences according to the nine 

nematode specimens. The resulting fragment was 505 bp long. A óno templateô control was 

included for each primer set to ensure no contamination occurred in the lab. PCR products 

were checked on 1% agarose gels, purified with AMPure beads following the manufacturerôs 

protocol (Beckman Coulter Inc.), and measured with a Qubit fluorometer (Life 

technologies). Samples were then pooled in equimolar concentrations and loaded on the 

Bioanalyzer (Agilent Technologies) to check the presence of a single peak. The pooled 

sample was bidirectionally sequenced on 1/8 of a 454 GS FLX plate (Macrogen). Two runs 

were performed, each containing three specimens from each species. 

  

http://www.earthmicrobiome.org/emp-standard-protocols/16s/
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Data analysis 

The raw datasets from the two runs were filtered and denoised with FlowClus (Gaspar & 

Thomas, 2015), a program that uses the flow information in the sff.file to screen and correct 

errors. FlowClus is available for downloading at http://sourceforge.net/projects/flowclus/. 

Primers and barcodes were removed from the sequences and the reverse complement was 

taken of the reverse sequences. Filtering involved removal of sequences that were outside 

the 200 - 1000 bp range, had an average quality less than 25, or contained more than six 

homopolymers. Denoising was chosen with a constant value of 0.5. Chimeraôs were detected 

using Uchime without reference database (Edgar, et al., 2011) and removed from the dataset.  

The sequences were then processed using QIIME 1.9.0 (Caporaso, et al., 2012). Forward 

sequences from both runs were merged to create a dataset with only forward sequences. The 

reverse sequences from both runs were also merged to create a dataset with only reverse 

sequences. Unlike for the paired-end reads generated with Illumina, the forward and reverse 

datasets generated by the 454 protocol cannot be merged because forward and reverse reads 

are not generated from the same PCR molecule. Therefore, the resulting forward and reverse 

datasets were independently clustered into OTUs with 97% similarity using an open-

reference OTU picking strategy. OTUs that were only observed once in the total dataset were 

removed because these are most likely to represent sequencing errors or rare variants within 

genomes. Default settings of QIIME 1.9.0 were used, except for the subsampling in the open 

reference OTU picking strategy, which was set at 0.01 instead of 0.001. The number of 

sequences and OTUs obtained for each of the 18 specimens is summarized in appendix S3 

in Supporting Information.  

Taxonomy was assigned up to species level using the assign_taxonomy.py script and the 

97% taxonomy and OTU files of the Greengenes 13.8 database, using the default settings of 

the Uclust algorithm as implemented in QIIME. When no hit was observed, OTUs were 

labelled as óUnassignedô. The taxonomic compositions associated with each of the three 

nematode species were visualized through bar graphs in excel using the unrarefied dataset 

for both F and R datasets.  

Diversity within and between the three cryptic species was compared. To account for 

differences in number of sequences for each specimen, the dataset was rarefied at 600 

sequences per specimen for each dataset. This number was slightly lower than the lowest 

number observed in our samples (626 for the Forward dataset, 643 for the Reverse dataset, 

see appendix S1). Alpha diversity (Shannon Wiener, observed OTUs, Goodôs coverage) was 

http://sourceforge.net/projects/flowclus/
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calculated using alpha_rarefaction.py in QIIME. Rank abundance graphs were constructed 

to explore the abundance of OTUs associated with each nematode specimen. Generalized 

UniFrac distances (Ŭ = 0.05) (Chen, et al., 2012) were calculated with the GUnifrac package 

in R (R Development Core Team, 2008). Permanova was conducted on these UniFrac 

distances with species as grouping variable using the Adonis package in R. Permdisp and 

pairwise difference tests were also performed in R. Principal coordinates analysis (PCoA) 

plots were generated to visualize intra- and interspecific differences between the treatments 

using the Ade4 package in R. In addition, we investigated whether differences between 

species were caused by differences in rare OTUs, by constructing a dataset with only those 

OTUs that had at least 108 sequences (i.e. 1% of the rarefied dataset, which contained 

18*600= 10800 sequences). This resulted in a forward and reverse dataset containing 18 

OTUs with a frequency higher than 1%. Statistical analyses on these datasets were 

performed as described above.  

To investigate whether each of the nematode species had bacterial OTUs that were present 

in all specimens of that particular species (= the core microbiome of each species), we ran 

the compute_core_microbiome.py script. The frequency of the core OTUs in each specimen 

was visualized using the sequence counts from the rarefied biom table. Because many 

bacterial strains show a lower than 3% divergence, we investigated whether the core 

community would be impacted by clustering OTUs at 99% instead of 97%. For this, we reran 

the open-reference OTU picking strategy for the reverse dataset using a similarity of 99%. 

Taxonomic assignment was done using the 99% taxonomy and OTU files of the Greengenes 

13.8 database.  All other settings and parameters and core microbiome analysis were 

identical as mentioned above. 

Biomarker taxa that are most likely to explain differences in microbiome between the three 

nematode species were assessed using the Linear discriminant analysis Effect Size (Segata, 

et al., 2011) module as implemented in Galaxy 

(https://huttenhower.sph.harvard.edu/galaxy). Default settings were used, and species were 

selected as Class and specimens as subjects. We used the rarefied reverse dataset clustered 

at 97%. 
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Food experiment  

To investigate whether the bacterial communities associated with the nematodes were part 

of the diet, living worms of Pm I and Pm III were subjected to two different food treatments: 

an E.coli treatment (Pm1E and Pm3E) and a óbacterial mixtureô treatment (Pm1B and Pm3B) 

in which nematodes were fed a natural inoculum of bacteria from the field. Fragments of the 

seaweed Fucus sp. from Paulina were put in culture flasks with artificial seawater (ASW) 

with a salinity of 25 for one week at a temperature of 15°C and afterwards rinsed in ASW 

with a salinity of 25. The ASW from the culture flasks and the washing step was filtered 

three times over a GF/C filter with a diameter of 1.2 µm to remove organisms with sizes 

exceeding those of bacteria, and frozen at -20°C until the experiment started. Two times 5 

µL of this suspension was used for DNA extraction for later bacterial diversity analysis 

(óbacterial mixtureô). Four Petri dishes of 5 cm inner diameter were filled with 4 mL of 1% 

bacto agar medium (salinity of 25 and buffered at a pH of 7.5 ï 8 with TRIS-HCl in a final 

concentration of 5mM). Two dishes received 50 µL of a suspension of frozen-and-thawed 

E. coli (strain K12 in PBS buffer) with a density of 3x109 cells ml-1 to which either 20 adult 

Pm I or 20 adult Pm III nematodes were added.  The two remaining dishes received 50 µL 

of the bacterial mix prepared from the Fucus thalli to which either 20 adult Pm I or Pm III 

nematodes were added. Monospecific cultures of the two cryptic species were raised from 

one single gravid female per species collected from Paulina marsh (The Netherlands) in 

March 2014 and maintained on sloppy (0.8%) nutrient:bacto agar media (temperature of 

20°C; salinity of 25) with unidentified bacteria from their habitat as food (Moens & Vincx, 

1998). Two pieces of agar of each nematode culture (Pm I and Pm III) were subjected to a 

DNA extraction and 16S rRNA gene amplification to pinpoint the bacteria that are able to 

grow on the culture medium. Nematodes were allowed to feed on the bacteria for two days, 

after which ten nematodes per treatment were picked out and quickly washed in cold sterile 

ASW to remove most of the adherent bacteria. Subsequently, they were put individually in 

20µL WLB for DNA extraction. The DNA extraction was the same as described for the field 

specimens. For the pure bacterial mixture a DNA clean-up (Wizard) was necessary after the 

DNA extraction, due to the high salt concentration in the solution. In total, 46 DNA extracts 

were prepared (10 for each of the four food treatments, 2 from the agar from each stock 

culture, and 2 from the bacterial mixture). 
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A. 16S rRNA amplification and Illumina MiSeq sequencing of individual nematode 

specimens from the food experiment 

For the DNA amplification and Illumina MiSeq sequencing a slightly adapted version of the 

protocol of the Earth Microbiome Project (Gilbert, et al., 2014) was used. Amplification was 

done in 20Õl reactions containing 11.4 Õl water, 4Õl 10X buffer, 0.4Õl dNTPôs (10 mM), 

0.2µl Phusion (high fidelity) polymerase, 2µl DNA template and l µL forward and 1µl 

reverse primer (both 10ÕM). The forward primer contained the 5ô Illumina adaptor, forward 

primer pad and linker and the 515f primer. The reverse primer consisted of the reverse 

complement of the 3ô Illumina adapter, the reverse primer pad and linker, the 806r primer 

and a Golay barcode. This Golay barcode was unique for each sample and the first 52 

barcodes of the Earth Microbiome Project were used (Caporaso, et al., 2012). Cycling 

conditions consisted of an initial denaturation of 30s at 98°C, followed by 35 cycles of 98°C 

for 10s, 65°C for 30s, 72°C for15s, and a final extension of 72°C for 10 min. Samples were 

amplified in triplicates. Three samples were randomly chosen in which the triplicates 

received different barcodes to allow investigation of PCR cycle bias. We did detect some 

PCR bias, but most OTUs were shared between replicas and OTUs uniquely found in one 

replica reached only very low frequencies (maximum of 0.21%). All analyses regarding the 

technical replicates can be found in appendix S4. After amplification, triplicates were 

combined. PCR products were cleaned by selecting the correctly sized bands (300 ï 350 bp) 

with the help of Clone-Well Agarose Gels (E-Gel). After this, the PCR concentration was 

measured with the Qubit Fluorometer (Life Technologies) and an equal amount of amplicon 

from each sample was pooled into one single, sterile tube. The final sample was checked for 

concentration and quality with the BioAnalyzer (Agilent Technologies). Illumina MiSeq 

sequencing was performed by the Genomics Core (UZ Leuven). Because only a small 

amount of reads from the nematodes fed E. coli were assigned to Enterobacteraceae (see 

results), the E. coli suspension was sequenced in a separate MiSeq run (as part of a follow-

up experiment) to exclude any methodological issues. Three biological replicas of the 

suspension were amplified and sequenced as described above. 
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B. Data analysis 

The Illumina paired-end sequences were first assembled with PEAR (Paired-end reader 

merger (Zhang, et al., 2014)). Subsequent filtering involved trimming of reads with a quality 

score of 25, read lengths had to be in the 200 -1000 bp range, and all reads containing 

uncalled bases were discarded. Subsequently, forward and reverse primers were removed 

with Cutadapt (Martin, 2011). The sequences were then processed using QIIME 1.8.0 

(Caporaso, et al., 2010) with an open reference OTU picking strategy (97% clustering) as 

described above. Beta diversity analyses involved rarefaction of the dataset at 41000 

sequences for each sample. Generalized UniFrac distances (Ŭ = 0.05) (Chen, et al., 2012) 

and statistical analyses were calculated in R as described above. The technical replicates that 

received a different barcode to investigate PCR bias were merged into a single sample for 

alpha and beta diversity analyses. The rarefied dataset was also used to identify biomarker 

taxa between Pm I and Pm III related to resource use using species as class, food treatment 

as subclass and specimens as subjects. Default settings were used. 

The E. coli samples were separately analysed from the first MiSeq run, but the same 

assemblage, filtering, trimming, OTU clustering and taxonomic assignment procedures were 

used. 

Scanning Electron Microscopy (SEM)  

In our previous study, all specimens were photographed digitally prior to the DNA extraction 

to have a morphological reference before being stored in acetone. To assess the abundance 

of bacteria associated with the nematode cuticle, we re-examined the digital pictures of the 

specimens used for next generation sequencing. In addition, nematodes grown on agar media 

with unidentified bacteria from their habitat and E. coli as additional food, from 

monospecific cultures of each of the three nematode species were used to generate SEM 

pictures of the head, tail and midbody region. These SEM pictures were generated to 

investigate the abundance and diversity of bacteria on the cuticle of the nematodes. The 

numbers of females photographed were 7, 3 and 7 for Pm I, Pm II and Pm III respectively, 

and the numbers of males were 9, 4 and 3, respectively. SEM pictures were generated with 

the JEOL JSM-840 scanning electron microscope by the Nematology Unit of the Biology 

Department at Ghent University.  
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Results 

16S rRNA composition of individual nematode specimens from the field 

A. Taxonomic composition of the bacterial communities associated with cryptic 

species 

Taxonomic assignments at the phylum level were highly comparable for the Forward and 

Reverse datasets and only differed in the presence of an additional three óphylaô 

(óunidentified bacteriaô, Planctomycetes and óTM6ô) in very low frequency in the Reverse 

dataset. We restrict the detailed description of the taxonomic composition to the Reverse 

dataset, because it yielded slightly more sequences for each sample (Appendix S3). 

Taxonomic composition at the phylum level for the forward dataset can be found in appendix 

S5.  

The microbiomes of all three nematode species were dominated by the phylum 

Proteobacteria (53%, 70% and 73% for Pm I, Pm II and Pm III, respectively). The phyla 

Bacteroidetes (10%, 14% and 1.8% for Pm I, Pm II and Pm III, respectively) and 

Actinobacteria (17%, 6% and 5% for Pm I, Pm II and Pm III, respectively) were the second 

and third most abundant group of bacteria, which were found in nearly all specimens (17 

and 18 of the specimens, respectively). The Verrucomicrobia were present in 5 of the 6 

specimens of Pm III with an average relative frequency of 16%, whereas its frequency in Pm 

I and Pm II was less than 1% and 4%, respectively and in 4 and 2 of the 6 specimens, 

respectively. The Firmicutes group was present in all 18 specimens in similar frequencies 

(2.1%, 3.6% and 3.8% in species Pm I, Pm II and Pm III respectively). In total, 79 OTUs 

were unassigned, but nearly all of them had a relative frequency of less than 1% and their 

total abundance reached 9.9%. New.ReferenceOTU30 was prominent in Pm I (12 % in the 

rarefied dataset), but only in one replicate. Within the phylum Proteobacteria, the 

Gammaproteobacteria dominated the microbiomes of Pm I (82.7%) and Pm II (72.7%) and 

to a lesser extent the microbiome of Pm III (46.4%) (Fig. 1A) and contained 57 taxa from 

22 known families (Fig. 1B). The Alteromonadaceae and Moraxellaceae were amongst the 

most abundant families shared between the three species and were especially abundant in 

Pm III (12.6% and 15.5%) (Fig. 1B). The Alphaproteobacteria formed the second most 

abundant class within the Proteobacteria, and represented 9.6%, 18.1% and 44.2% of the 

assigned taxa of Pm I, Pm II and Pm III, respectively (Fig. 1A). This group comprised 44 

taxa belonging to 15 known families, of which the Caulobacteraceae, Rhodobacteraceae and 
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Sphingomonadaceae were the most abundant (Fig. 1C). Especially the latter family was 

much more abundant in Pm III (20.7%) than in Pm I (1.8 %) and Pm II (1.7%) but this was 

caused by a high abundance in one specimen (175Pm III, Fig. 1C). The Beta, Delta and 

Epsilon Proteobacteria were only poorly represented, and contained 28, 10 and 2 taxa, 

respectively. 

Within the phylum Actinobacteria, more than 99% of the taxa belonged to the Actinobacteria 

class, within which 17 families were assigned (Fig. 2A). Two families, the 

Corynebacteriaceae and the Microbacteriaceae, were prominent in all three nematode 

species. The high abundance of the Microbacteriaceae in Pm I was mainly caused by a high 

abundance in a single specimen (145Pm I, Fig. 2A). 

Within the phylum Bacteroidetes, two classes encompassed more than 99% of the assigned 

taxa: the Flavobacteria dominated Pm I and Pm III (75.3% and 81.8%, respectively), while 

the Cytophagia dominated Pm II (68.0%, versus 23.2% and 17.4% in Pm I and Pm III). Both 

classes were represented by only two families: the Cytophagia consisted of Cytophagaceae 

and Flammeavirgaceae (Fig. 2B), the latter being found in very low abundance and in only 

one specimen of each species; the Flavobacteria consisted of Flavobacteriaceae, 

Cryomorphaceae and Weeksellaceae, the former being  dominant in Pm I, while the 

Weeksellaceae were abundant in Pm II (Fig. 2B). 
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Figure 1: Relative composition of Proteobacteria for each of the 18 nematode specimens. 

Reads are from the Reverse dataset. A/Class level; B/ Family level Gammaproteobacteria, 

the eight most abundant taxa are shown, the 14 remaining taxa are pooled in a ñLow 

Frequency Groupò; C/ Family level Alphaproteobacteria, the six most abundant taxa are 

shown, the nine remaining taxa are pooled in a ñLow Frequency Groupò.  
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Figure 2: Relative taxonomic composition of bacteria for each nematode specimen at the 

family level.  Reads are from the Reverse dataset. A/ Actinobacteria, the seven most 

abundant families are shown, the remaining ten families are pooled in a ñLow Frequency 

Groupò. B/ Bacteriodetes.  

B. Alpha diversity of field specimens 

Rarefaction curves of the number of observed OTUs yielded highly similar results for 

Forward and Reverse datasets. Curves were still increasing at a sampling depth of 600 

sequences per nematode specimen (Fig. 3a, appendix S5). In contrast, the Shannon diversity 

measure quickly reached a plateau (Fig. 3b, appendix S5), suggesting that many OTUs occur 

in very low frequencies. This was confirmed by the rank abundance plot, which illustrates 

that only a few OTUs have relative abundances higher than 0.1, while many OTUs have very 

low relative abundances (Appendix S6). 
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Figure 3: Rarefaction curves of the number of observed OTUs at 97% sequence identity 

clustering (A) and Shannon index (B) for each species for the Reverse dataset.  Error bars were 

calculated from the variance of the respective parameter drawn in 10 randomizations at each 

sample size. 
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C. Beta diversity of field specimens 

Permanova based on the Generalized Unifrac distances showed significant differences 

between the microbial communities of the nematode species for both Forward and Reverse 

datasets and with or without inclusion of rare OTUs (Table 1). Post hoc tests revealed that 

these differences were situated between Pm I and Pm III, regardless the dataset used. The 

six specimens within species did, however, show substantial variability (Fig. 4, appendix 

S5). The non-significant Permdisp results (Table 1) indicated that intraspecific differences 

were comparable for each of the three species.  

 

Table 1: Summary of the Permdisp and Permanova statistics between the microbiomes of 

the nematode species Pm I, Pm II and Pm III. Analyses were done on the Forward and 

Reverse datasets using all OTUs or only those OTUs with relative frequency in the rarefied 

dataset Ó 1%. For the pairwise comparisons, significant p-values are indicated in bold. 

 

      All OTUs   OTUs > 1% 

Forward dataset  df F  
p 

value  F 
p 

value 

PERMDISP  2 0.51 0.61  0.75 0.49 

Overall PERMANOVA 2 1.79 0.007  1.76 0.04 

Pairwise test  Pm1-Pm2 1 1.55 0.03  1.34 0.19 

Pairwise test  Pm1-Pm3 1 2.21 0.008  2.65 0.016 

Pairwise test  Pm2-Pm3 1 1.61 0.062  1.37 0.23 

Reverse dataset        

PERMDISP  2 1.73 0.211  1.69 0.22 

Overall PERMANOVA 2 1.62 0.001  1.90 0.012 

Pairwise test  Pm1-Pm2 1 1.40 0.032  1.46 0.11 

Pairwise test  Pm1-Pm3 1 2.11 0.002  2.88 0.004 

Pairwise test  Pm2-Pm3 1 1.36 0.074  1.50 0.13 
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Figure 4: Principal coordinates analysis plot based on Generalized Unifrac distances between 18 

nematode specimens after rarefaction at 600 sequences per specimen of the reverse dataset from 

the 454 platform. Intraspecific distances (distances to the centroid) for Pm I (black), Pm II  (blue) 

and Pm III  (red) are encircled (95 % of the inertia of the corresponding group). 
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D. The core microbiome of field specimens 

Despite the high number of OTUs observed for each nematode species (see appendix S3), 

none of them were shared between all 18 specimens. The core microbial community for each 

species consisted of very few OTUs (5, 5 and 2 OTUs for species Pm I, Pm II and Pm III in 

the Forward dataset, respectively, and 5, 6 and 4 OTUs for species Pm I, Pm II and Pm III 

in the Reverse dataset, respectively; see appendix S7). Frequencies of the core communities 

were overall low in each of the 18 specimens, but 4 and 6 core OTUs of the forward and 

reverse datasets respectively reached frequencies higher than 1% (Fig. 5). The core 

communities of species Pm I and Pm II were also present in the other species, while the core 

community of species Pm III was nearly absent in the two other species. Permanova on the 

generalized unifrac distances yielded only borderline (non-) significant differences between 

the three species (Reverse dataset: F= 2.40, p = 0.058; Forward dataset: F= 2.94, p= 0.048), 

suggesting that the core communities were phylogenetically similar to each other. Small 

differences in taxonomic composition were however present (Appendix S7). OTU clustering 

at 99% slightly increased the number of core OTUs (8 vs 5 for Pm I, 6 vs 6 for Pm II and 5 

vs 4 for Pm III) which was mainly due to an increase of OTUs identified as Moraxellaceae. 

Taxonomic composition was very similar to that observed with 97% clustering (Appendix 

S7). 

 

Figure 5: Number of reads assigned to the core OTUs of Pm1, Pm2 and Pm3 in each of the 18 

specimens from the rarefied reverse dataset. Legend reflects OTU name followed by the name 

of the species in which they were the core (e.g. 4334053Pm1Pm2 indicates that OTU 4334053 

was present in all six specimens of Pm1 and in all six specimens of Pm2). 
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E. Biomarker taxa of the field specimens 

The LeFSe analysis indicated 1, 2 and 6 taxa that significantly differentiated Pm I, Pm II and 

Pm III respectively and with an LDA score higher than two. The biomarker for Pm I belongs 

to the genus Pseudoalteromonas (OTU4406967). New.ReferenceOTU37 and OTU200979 

were identified as biomarker for Pm II and belong to the genus Microbacterium and the ordo 

Saprospirales respectively. The biomarker taxa of Pm III were identified as 

Verrucomicrobiaceae (New.ReferenceOTU54 and OTU4307243), Acinetobacter 

(OTU4449456), Moraxellaceae (OTU4334053), Caulobacteraceae (OTU310003) and 

Comamonadaceae (OTU115161) (Appendix S7). 

16S rRNA composition of individual nematode specimens from the food experiment 

To investigate whether the observed differences in the microbiomes of Pm I and Pm III were 

related to selective feeding, we performed a food experiment in which both species were 

offered E. coli or a diverse bacterial mix as food. The MiSeq protocol generated a much 

larger number of sequences and OTUs per nematode specimen (Appendix S8) than the 454 

protocol. A detailed description of the taxonomic composition of the non-rarefied dataset of 

the food experiment can be found in appendix S9. The microbiomes of all samples were 

clearly dominated by Proteobacteria and Bacteroidetes (Fig. 1 in appendix S9). At the family 

level, the microbiomes of the two food treatments showed some striking differences between 

each other, but also between species: 1/ within Alphaproteobacteria, the microbiomes of Pm 

III worms fed the bacterial mixture resembled the bacterial mixture, while the microbiomes 

of the Pm III worms fed E. coli contained a substantial amount of Rhodobacteraceae, which 

were highly abundant in the Pm III stock cultures (Fig. 6A). In contrast, Pm I worms showed 

very similar compositions regardless the offered food. 2/ Within Gammaproteobacteria, the 

microbiomes of Pm I and Pm III fed the bacterial mix were similar to that of the bacterial 

mix. The microbiomes of Pm I and Pm III worms fed E. coli resembled that of the stock 

cultures of each species (Fig. 6A). Surprisingly, the worms fed E. coli were not enriched for 

Enterobacteriaceae. However, the E. coli suspension that was offered to the nematodes in 

the E. coli treatments was dominated by Enterobacteraceae (Fig. 6B). 3/ Within the 

Bacteroidetes, all Pm III worms were dominated by Saprospiraceae, the dominant family of 

the bacterial mix. Abundances of this family were higher in the Pm III worms fed the 

bacterial mix than those that had been fed E. coli. For Pm I, taxonomic composition of both 

food treatments was comparable (Fig. 6A).More details on the taxonomic composition can 

be found in Appendix S9.  



Figure 6A: Taxonomic assignment of MiSeq reads at the family level for the food experiment. For the food experiment, the 15 most abundant 

families are shown, the remaining families are pooled in a ñLow Frequency Groupò. Pm1B1-10: 10 biological replicas of Pm1 fed the bacterial 

mixture; Pm1E1-10: 10 biological replicas of Pm1 fed E. coli; Pm1C1-2: two biological replicas of the agar from Pm1 stock cultures; Pm3B1-10: 

10 biological replicas of Pm3 fed the bacterial mixture; Pm3E1-10: 10 biological replicas of Pm3 fed E. coli; Pm3C1-2: two biological replicas 

of the agar from Pm3 stock cultures; bactmixa-b: two biological replicas of the bacterial mix. Vertical grey lines denote the different food 

treatments, stock cultures and bacterial mix.  
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Figure 6B: Taxonomic assignment of MiSeq reads at the family level for three biological replicas 

of the E. coli suspension. EcoliA-EcoliC: three biological replicas of the E. coli suspension. The 

ñLow Frequency Groupò contains 16 families. 

 

A. Alpha diversity of specimens from the food experiment 

The average number of OTUs observed in the nematodes (regardless species) fed the 

bacterial mix was similar to that in those fed E. coli (Kruskal-Wallis: df = 6, p = 0.08). 

Patterns of species diversity and richness were very similar to the data on the field 

specimens: the number of OTUs was still increasing at a sampling depth of 41000 sequences 

per treatment, the Shannon diversity measure quickly reached a plateau, and the rank 

abundance plots again show that many OTUs have very low relative abundances (Appendix 

S9, S10). Four OTUs were highly abundant in the Pm I specimens from the E. coli treatment 

and are thus likely to be part of the microbiome sensu stricto: Pseudoalteromonas (ca 98 000 

reads), Agrobacterium (ca 69 000 reads), Unassigned (ca 57 000 reads) and Winogradskyella 

thalassocola (ca 32 000 reads). When blasted in Genbank, the unidentified OTU was most 

similar to an uncultured bacteria from a water cave (accession number FJ604748.1). The 

most highly abundant Pm3E OTU (ca 150 000 reads) was the same unidentified OTU as for 

Pm1E.  
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B. Beta diversity of specimens from the food experiment 

Permanova based on the Generalized UniFrac distances of the four food x species treatments 

(Pm1B, Pm1E, Pm3B, Pm3E) showed significant differences between food (pseudo F1,39= 

3.42; p=0.005) and species (pseudo F1,39= 10.97; p=0.001). The interaction between food 

and species was only just significant (pseudo F1,39= 2.02; p=0.049). Pairwise comparisons 

were all significant, except for Pm1B and Pm1E (Table 2). The principal coordinates 

analysis showed that species is the most important grouping factor (Fig. 7). Within each 

species, Pm I showed high intraspecific variability in both food treatments, while 

intraspecific variability for Pm III was much lower in the treatment where they were offered 

a bacterial mix. Homogeneity of dispersions was not achieved (p>0.05) for factor species 

and the interaction of species with food (Table 2). Multivariate dispersions differed only 

within the B treatment between Pm I and Pm III (pairwise Permdisp: F1,18 = 13.88 , p-

=0.001), reflecting the low variation within Pm III  in this treatment.   
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Figure 7: Principal coordinates analysis plot of the Generalized Unifrac distances for the two species (Pm1 black/grey and Pm3 red/pink) and the 

two food treatments. E = E. coli (grey/pink) and B = bacterial mixture (black/red). 
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C. The core microbiome of specimens from the food experiment 

Similar to the results of the field specimens, the fraction of OTUs shared between all 

specimens was very low. In total, 41 OTUs were shared between all 46 samples of the food 

experiment. The core of the Pm I bacterial mixture treatment had 157 OTUs and the Pm III 

bacterial mixture treatment had 261 core OTUs. The number of core OTUs was lower for 

the E.coli treatment: 85 core OTUs were present in Pm I and 178 for Pm III. The core of all 

20 Pm III individuals contained 77 OTUs, while Pm I had 52 OTUs shared among all 20 

specimens. Permanova on UniFrac distances showed that food (pseudo-F1,39=3.59,p=0.008), 

species (pseudo-F1,39=16.56, p=0.001) and the interaction food*species (pseudo-

F1,39=2.46,=0.043) were significant. All pairwise comparisons were significant, except for 

the two food treatments of Pm I (Table 2). 

 

Table 2: Summary of the Permdisp and Permanova statistics between the microbiomes of the 

four food experiment treatments (Pm1B, Pm1E, Pm3B and Pm3E) for the dataset containing all 

OTUs and for the core OTUs. For the pairwise comparisons, significant p-values are indicated 

in bold. 

      All OTUs   Core Genome 

Food 
experiment  df Pseudo-F  p value  Pseudo-F 

p 
value 

PERMDISP species 2 9.04 <0.001  7.11 0.011 
 food 1 2.94 0.095  1.57 0.22 
 species*food 2 6.80 <0.001  6.65 0.001 

Overall 
PERMANOVA 

species 2 10.97 0.001  16.56 0.001 

 food 1 3.10 0.005  3.59 0.008 
 species*food 2 2.02 0.049  2.46 0.043 

Pairwise test  Pm1B - Pm1E 1 1.65 0.236  1.62 0.13 
Pairwise test  Pm3B - Pm3E 1 3.98 0.004  5.50 0.001 
Pairwise test  Pm1B - Pm3B 1 8.78 0.004  14.71 0.001 
Pairwise test  Pm1E - Pm3E 1 4.81 0.004   6.1 0.002 
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D. Biomarker taxa of specimens from the food experiment 

For Pm I, 433 OTUs were identified as biomarkers, while 208 OTUs were identified as 

biomarker for Pm III. Taxonomic assignment of many OTUs was only achieved at the class 

level and 52 OTUs of the Pm III biomarker taxa had no taxonomic assignment at all  

(Appendix S11). The biomarker OTUs that were identified up to family level belonged to 

the Flavobacteriaceae, Rhodobacteraceae, Alteromonadaceae, Pseudoalteromonadaceae and 

Vibrionaceae for both species, with an additional two families for the biomarker taxa of Pm 

I (Phyllobacteriaceae and one unidentified family of the ordo Saprospirales). The complete 

list of biomarker OTUs for Pm I and Pm III with their taxonomic assignment can be found 

in appendix S11. 

SEM and light microscope pictures 

SEM pictures revealed that the cuticle of the cryptic nematode species contained only very 

few bacteria, which were mainly located in the mid body region for the females, and in the 

tail region for the males (see appendix S12). The morphology of the attached bacteria was 

quite uniform, suggesting a very low taxonomic diversity of the epibionts. The digital 

pictures that were taken from the sequenced specimensô seconds before transferring them 

into the WLB further support that the bacterial densities and diversity on the cuticle of the 

three rhabditid nematodes were low.  
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Discussion 

The nematode microbiome is highly diverse and species-specific  

Our data show that the bacterial community associated with the Litoditis specimens contains 

at least 85 OTUs for the field specimens (Appendix S3). Most OTUs were present in very 

low frequency. Even under laboratory conditions and with E. coli as a food source, a high 

diversity was associated with the nematode specimens (lowest number: 1118 OTUs, 

Appendix S8). Applying the MiSeq protocol to the field specimens would very likely result 

in an even higher diversity than observed in the laboratory specimens. The microbiomes of 

the field specimens and cultured nematodes are not directly comparable because two 

different sequencing platforms (454 vs. Illumina platforms) and primer sets were used to 

generate sequence data which may introduce taxonomic and technical biases in terms of the 

microbial community recovered.  

Despite the high number of bacterial OTUs associated with the field nematode specimens, 

only 2 - 6 OTUs were found in all six specimens of a particular species, and not a single 

OTU was found in all 18 specimens (see appendix S7). This was also true for the food 

experiment, in which 52 OTUs were shared among the 20 Pm I specimens and 77 OTUs 

were shared amongst the 20 Pm III specimens. The frequency of the core microbiome was 

very low, and although six core OTUs obtained a frequency higher than 1% in the rarefied 

dataset, their abundance varied substantially between individuals (Fig. 5). Bacterial strains 

that are present in the core microbiome of a particular nematode species and that are absent 

in the other species can potentially confer an adaptation to the environment for that particular 

nematode species. Moreover, if such core OTUs are also present in the other nematode 

species than the species for which it is a core OTU, its abundance should be significantly 

different between nematode species. In other words, it would be identified as biomarker in 

the LeFSe analysis. Three core OTUs of Pm III were completely absent in Pm I when 

clustering at 97% for the reverse dataset (Appendix S7): OTU310003 (Caulobacteraceae), 

OTU720489 (Acinetobacter) and OTU4449456 (Acinetobacter). They may thus be involved 

in mediating different tolerances - by contributing to the fitness of the host by for instance 

influencing development, reproduction, metabolism or lifespan (Cabreiro & Gems, 2013)- 

to environmental conditions for Pm I and Pm III. Two of these Pm III core OTUs were also 

present in Pm II (OTU310003 and OTU4449456) and were identified as biomarkers for Pm 

III by the LeFSe analysis, suggesting that members of Caulobacteraceae and Acinetobacter 

may be involved in differential abiotic tolerances for Pm III. All Pm II core OTUs were 
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present in the two other species, and only one was identified as a biomarker for Pm II: 

OTU200979 (Microbacterium). This OTU may thus potentially be involved in generating 

tolerance to abiotic conditions for Pm II. Laboratory experiments show that Pm I performs 

less well at higher temperatures, while population development of Pm III was lower at lower 

temperatures (De Meester, et al., 2015a; chapter III). This corresponds with the prevalence 

of Pm III during warmer seasons and to its near-absence during colder seasons (Derycke, et 

al., 2006). Pm II has a pan European distribution and appears to be a generalist as it is found 

in habitats that differ substantially in temperature and salinity (Derycke, et al., 2008b). The 

microbiome ósensu strictoô may perform a critical role in the physiological adaptations to 

such environmental changes.  

Sympatric, cryptic nematode species show differences in resource use 

We hypothesized that the differences in the microbiomes ósensu latoô between the nematode 

species were linked to differential resource use, as all three species are bacterivorous. We 

expected to find many more OTUs in the worms that had been feeding on the bacterial mix 

compared to those that had been fed E. coli. This appeared not to be the case, but there was 

a significant food effect (Table 2) on the microbiome (dependent on species), indicating that 

bacteria were differentially consumed by the worms in the two food treatments. The similar 

number of OTUs observed in both food treatments may indicate that the worms only fed on 

a small number of OTUs present in the bacterial mix. Yet, the taxonomic composition of the 

worms fed on the bacterial mix was quite diverse and resembled the one of the bacterial mix 

(Fig. 6A: mostly true for Pm III (see further)). The stock cultures of both worms contained 

a large number of OTUs (1996 and 1301 for Pm I and Pm III respectively, appendix S8) 

indicating that the microbiome sensu stricto is highly diverse and that several bacterial 

strains of this microbiome are able to grow on the agar. The Pm I and Pm III microbiomes 

from the E. coli treatment shared 1271 and 1135 OTUs with the Pm I and Pm III culture 

microbiome, respectively. Consequently, the potential food of the worms in the E. coli 

treatment was probably as diverse as the bacterial mix (which contained 2496 OTUs versus 

552 OTUs for the E. coli suspension, appendix S8). OTUs showing higher abundances in 

the cultures did not result in a higher abundance in the microbiome and vice versa. Moreover, 

the microbiomes of specimens fed with E. coli resembled the one of the stock cultures (Fig, 

6A), and their intestinal colour clearly indicated that they were actively feeding to a similar 

extent as the specimens in the bacterial mix treatment, adding support to the idea that the 

worms in the E. coli treatments had a much more diverse food source than anticipated. 
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Surprisingly, we did not find an increase of Enterobacteraceae in the specimens fed E. coli. 

Yet, the E. coli suspension was clearly dominated by Enterobacteraceae (Fig. 6B), providing 

evidence that our methodological approach was able to identify the E. coli sequences. The 

E. coli source consisted of frozen and thawed E. coli cells, and provided as such a ñsoupò 

rich of nutrients instead of metabolically active cells. Add-back experiments have 

demonstrated that C. elegans requires metabolically active cells for normal development and 

fecundity (Lenaerts, et al., 2008). Tracer experiments with Litoditis showed that radioactive 

labels were only present in the worms when fed labelled (unidentified) bacteria, while such 

a radioactive signal was absent when the worms were offered the growth medium of that 

same bacterial mix without cells despite the fact that this medium was much more heavily 

labelled than the bacterial cells (Moens, unpublished data). This suggests that the nutrient 

rich ñsoupò provided by the E. coli suspension can stimulate extensive growth of other 

bacteria from the worm microbiome (both from gut and cuticle) and that the soup itself was 

not ingested by the worms. 

The food experiment further showed that the microbiome of Pm I did not differ according to 

food type, while that of Pm III did. This result can be explained by two non-mutually 

exclusive scenarios: 1/ the Pm III microbiome ósensu strictoô (Pm3E) differs considerably 

from the bacterial mixture while the Pm I microbiome ósensu strictoô (Pm1E) is similar to 

the bacterial mixture. Feeding of Pm III on the bacterial mix would then lead to significant 

differences between Pm3E-Pm3B but not between Pm1E-Pm1B. Comparison of the number 

of OTUs shared between the E. coli fed specimens and the bacterial mix do not support this 

hypothesis, since Pm III specimens typically show a higher number of shared OTUs with 

the bacterial mix than Pm I specimens (Appendix S13); 2/ the two species show different 

feeding behaviours with Pm III feeding more selectively on a smaller portion of the bacterial 

mixture, while Pm I feeds on a much wider range of bacterial strains from the mixture. This 

hypothesis is supported by the larger variability between individual Pm I specimens that 

were fed the bacterial mix compared to the much smaller interindividual variability in Pm 

III (PCoA plot, Fig. 8; significant pairwise Permdisp) and by the higher number of biomarker 

taxa identified in Pm I compared to Pm III (Appendix S11), indicating that Pm III is a much 

more selective feeder than Pm I. We also found a significant species effect (Table 2), 

suggesting that Pm I and Pm III were feeding on different bacterial species. Since the Pm I 

and Pm III nematodes from the food experiment have been kept for several generations under 

controlled abiotic conditions, the biomarker taxa revealed by the LeFSe analysis are likely 
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linked to differential resource use of the two species. The individual differences in bacterial 

diet cannot be linked to particular life stages or certain ecological morphs since we only 

selected adult specimens for our population genetic analysis (Derycke, et al., 2006). 

Observations on the feeding behaviour of living Litoditis ñmarinaò specimens showed that 

the size of the prey forms an important filter for ingestion (Tietjen & Lee, 1975; Moens & 

Vincx, 1997), and the buccal cavity of Pm III specimens is smaller than that of Pm I 

specimens (Derycke, et al., 2008a) suggesting that size selection may be one aspect 

contributing to differences in selectivity. We cannot exclude that the four OTUs potentially 

involved in adaptation to abiotic conditions are linked to resource use, but Microbacterium 

was present in all three nematode species, and also different Acinetobacter OTUs were found 

in all three nematode species, suggesting that these types of bacterial strains can be ingested 

by all three species and that size selection through feeding may not be an important 

mechanism to explain the different abundances of these core OTUs. Instead, the high 

variability among individuals implies that there are constraints in resource use that prevent 

individuals from using the whole range of available resources. These constraints may act at 

the individual level (e.g. uptake ability, morphology, behaviour), but probably more so at 

the population level, where high intraspecific competition can increase individual niche 

specialization (Svanbäck & Bolnick, 2007). Intraspecific competition has been observed in 

all three species (De Meester, et al., 2015b; chapter VII) and individual niche specialization 

can increase the niche breadth of the total population (Bolnick, et al., 2007). This agrees well 

with the high diversity of the microbiomes observed in each of the three species, and can 

affect interspecific interactions, since niche overlap between species is likely to increase 

with increased niche width. 

Niche partitioning between cryptic species can partially explain their coexistence 

The nematode microbiomes were dominated by Alpha- and Gammaproteobacteria, 

Bacteroidetes and Verrucomicrobia which are the dominant groups found on Fucus 

vesiculosus (Lachnit, et al., 2011), the habitat from which the nematode specimens were 

isolated. The microbiomes of Pm I and Pm III from the field were clearly different from each 

other, and the food experiment shows that these differences are linked both to the feeding 

activity of the species but also to the presence of a nematode species-specific microbiome. 

Pm I and Pm III specimens more often co-occur in the field than Pm I with Pm II or than Pm 

III with Pm II (Appendix S1). These data agree well with the ecological theory of resource 

partitioning, where species can coexist when they are using different resources (MacArthur 
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& Levins, 1967). However, if resource partitioning would be the only driver for coexistence 

of these cryptic species, we would expect to find Pm I coexisting with Pm III throughout the 

year, which is not the case (Derycke, et al., 2006). Coexistence of species is also governed 

by their common responses to environmental changes (Chesson, 2000b; Leibold & McPeek, 

2006) and the microbiome may perform a critical role in the physiological adaptations to 

such environmental changes and hence in the fitness of the nematode hosts. Dedicated 

attempts (using repeated transfer of worms through mixtures of antibiotics and even 

incorporating antibiotics in the stock culture media for several subsequent generations) at 

removing bacteria other than the E. coli supplied as food failed (P. Gilarte, unpublished 

data), suggesting a tight association between nematodes and (components of) their 

microbiomes. Fitness differences imply that differential responses to abiotic environmental 

variability can also have stabilizing effects on the coexistence between cryptic nematode 

species. In addition, the ephemeral nature of the Fucus habitat on which the species live also 

induces strong variability in the environment. The coexistence of Pm I and Pm III is therefore 

likely to be determined by both resource partitioning and differential responses to abiotic 

changes. Although microbiome differentiation was less straightforward between Pm I and 

Pm II, phylogeographic data revealed that Pm II has a more widespread distribution than the 

two other species, suggesting it has a broader óabioticô niche than the other species. The 

microbiome of Pm II was also not differentiated from either of the two other species. 

Methodological considerations 

Our understanding of the degree of resource selectivity in nematode feeding behaviour is 

generally very poor: several laboratory experiments have demonstrated a high capacity to 

select among even very similar food items (Moens, et al., 1999), but reliable approaches to 

study such detailed resource selectivity under more natural conditions have been lacking. 

Moreover, stable isotope and other approaches which measure food absorption usually 

require pooling of individuals for a single analysis (Carman & Fry, 2002). 

Our approach complements others, but provides a substantial advance compared to any 

previous work on resource utilization of free-living nematodes or other microscopic 

eukaryotes by characterizing the complete bacterial community of individual specimens of 

three nematode species. The marker gene survey approach used here allows to assess 

selective feeding behaviour of single nematode specimens, which has not been possible with 

methods widely used to assess resource use (e.g. stable isotope analysis). However, our 

results also show the presence of a highly diverse endosymbiont community that differs 
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substantially among individuals. Our morphological investigation of the bacteria on the 

cuticula detected only few bacterial morphotypes suggesting that most of the microbiome is 

located inside the body of the worm (see appendix S12).  

Conclusions 

The natural bacterial communities of sympatrically distributed cryptic nematode species are 

highly diverse and show pronounced intraspecific diversity. The species-specific 

microbiomes may play a role in the different tolerances of the nematode species to abiotic 

conditions. Importantly, the differences in selective feeding of morphologically similar 

nematode species may have a cascading effect on the microbial community and on the 

functioning of the whole decomposition system, as alterations in microbial communities can 

alter mineralization of organic matter (Nascimento, et al., 2012). Consequently, cryptic 

diversity may have hitherto unpredicted consequences for biodiversity-ecosystem 

functioning relationships in the marine benthos 
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Supplementary information 

Appendix S1: Field distribution of four cryptic Litoditis ñmarinaò species (Pm1, Pm2, 

Pm3 and Pm4) in the Scheldt estuary in The Netherlands in four consecutive seasons. 

Figure adapted from Derycke, et al. (2006). 

 

 

Distribution of 4 lineages of Litoditis ñmarinaò (Pm I, Pm II , Pm III  and Pm IV) inferred from 

mitochondrial COI data along the Belgian coastline and the Scheldt estuary in The Netherlands. For 

each location, a stacked column graph indicates the percentage of each lineage occurring in spring 

2003, summer 2003, autumn 2003 and winter 2004. Note the small proportion of Pm III  during winter 

2004 in Br. Sample abbreviations: Ni = Nieuwpoort, Bl = Blankenberge, Br = Breskens, Pa = Paulina, 

Ze = Zeedorp, Kr = Kruispolderhaven, Sl = Sloehaven, Os = Oosterschelde, Gr = Grevelingen. Figure 

taken from Derycke, et al., 2006. 



Appendix S2: Primer sequences used to amplify the 16S rRNA gene of 18 Litoditis ñmarinaò specimens in two runs on 1/8th of a plate of the 454 

GS FLX Titanium system. Adaptor, midtag and primer sequences for the forward and reverse datasets are given.  

 

 

 

 

 

Run1: 9 samples were sequenced on 1/8th of a plate using the 454 platform           

Sample 

PCR 

code Forward primer  Key MID Primer Reverse primer  Key MID Primer 

PP2085 B143 RL17_A_16S_968F CGTATCGCCTCCCTCGCGCCATCAG AGTCGTACACT AACGCGAAGAACCTTAC RL17_B_16S_1401R CTATGCGCCTTGCCAGCCCGCTCAG AGTGTAGGACT CGGTGTGTACAAGGCCCGGGAACG 

PP2086 B145 RL18_A_16S_968F CGTATCGCCTCCCTCGCGCCATCAG AGTGTAGTAGT AACGCGAAGAACCTTAC RL18_B_16S_1401R CTATGCGCCTTGCCAGCCCGCTCAG ACTACTAGACT CGGTGTGTACAAGGCCCGGGAACG 

PP2087 B147 RL19_A_16S_968F CGTATCGCCTCCCTCGCGCCATCAG ATAGTATACGT AACGCGAAGAACCTTAC RL19_B_16S_1401R CTATGCGCCTTGCCAGCCCGCTCAG ACGTATAGTAT CGGTGTGTACAAGGCCCGGGAACG 

          

PP2059 B149 RL20_A_16S_968F CGTATCGCCTCCCTCGCGCCATCAG CAGTACGTACT AACGCGAAGAACCTTAC RL20_B_16S_1401R CTATGCGCCTTGCCAGCCCGCTCAG AGTACGTGCTG CGGTGTGTACAAGGCCCGGGAACG 

PP2060 B151 RL21_A_16S_968F CGTATCGCCTCCCTCGCGCCATCAG CGACGACGCGT AACGCGAAGAACCTTAC RL21_B_16S_1401R CTATGCGCCTTGCCAGCCCGCTCAG ACGCGTGGTCG CGGTGTGTACAAGGCCCGGGAACG 

PP2061 B153 RL22_A_16S_968F CGTATCGCCTCCCTCGCGCCATCAG CGACGAGTACT AACGCGAAGAACCTTAC RL22_B_16S_1401R CTATGCGCCTTGCCAGCCCGCTCAG AGTACTGGTCG CGGTGTGTACAAGGCCCGGGAACG 

          

PP2074 B155 RL23_A_16S_968F CGTATCGCCTCCCTCGCGCCATCAG CGATACTACGT AACGCGAAGAACCTTAC RL23_B_16S_1401R CTATGCGCCTTGCCAGCCCGCTCAG ACGTAGTGTCG CGGTGTGTACAAGGCCCGGGAACG 

PP2067 B157 RL24_A_16S_968F CGTATCGCCTCCCTCGCGCCATCAG CGTACGTCGAT AACGCGAAGAACCTTAC RL24_B_16S_1401R CTATGCGCCTTGCCAGCCCGCTCAG ATCGACGGACG CGGTGTGTACAAGGCCCGGGAACG 

PP2095 B165 RL25_A_16S_968F CGTATCGCCTCCCTCGCGCCATCAG CTACTCGTAGT AACGCGAAGAACCTTAC RL25_B_16S_1401R CTATGCGCCTTGCCAGCCCGCTCAG ACTACGGGTAG CGGTGTGTACAAGGCCCGGGAACG 
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Run2: 9 samples were sequenced on 1/8th of a plate using the 454 platform using the same primers as for the first run       

PP2054 B212 RL17_A_16S_968F CGTATCGCCTCCCTCGCGCCATCAG AGTCGTACACT AACGCGAAGAACCTTAC RL17_B_16S_1401R CTATGCGCCTTGCCAGCCCGCTCAG AGTGTAGGACT CGGTGTGTACAAGGCCCGGGAACG 

PP2092 B196 RL18_A_16S_968F CGTATCGCCTCCCTCGCGCCATCAG AGTGTAGTAGT AACGCGAAGAACCTTAC RL18_B_16S_1401R CTATGCGCCTTGCCAGCCCGCTCAG ACTACTAGACT CGGTGTGTACAAGGCCCGGGAACG 

PP2103 B198 RL19_A_16S_968F CGTATCGCCTCCCTCGCGCCATCAG ATAGTATACGT AACGCGAAGAACCTTAC RL19_B_16S_1401R CTATGCGCCTTGCCAGCCCGCTCAG ACGTATAGTAT CGGTGTGTACAAGGCCCGGGAACG 

          

PP2058 B200 RL20_A_16S_968F CGTATCGCCTCCCTCGCGCCATCAG CAGTACGTACT AACGCGAAGAACCTTAC RL20_B_16S_1401R CTATGCGCCTTGCCAGCCCGCTCAG AGTACGTGCTG CGGTGTGTACAAGGCCCGGGAACG 

PP2076 B214 RL21_A_16S_968F CGTATCGCCTCCCTCGCGCCATCAG CGACGACGCGT AACGCGAAGAACCTTAC RL21_B_16S_1401R CTATGCGCCTTGCCAGCCCGCTCAG ACGCGTGGTCG CGGTGTGTACAAGGCCCGGGAACG 

PP2098 B204 RL22_A_16S_968F CGTATCGCCTCCCTCGCGCCATCAG CGACGAGTACT AACGCGAAGAACCTTAC RL22_B_16S_1401R CTATGCGCCTTGCCAGCCCGCTCAG AGTACTGGTCG CGGTGTGTACAAGGCCCGGGAACG 

          

PP2077 B206 RL23_A_16S_968F CGTATCGCCTCCCTCGCGCCATCAG CGATACTACGT AACGCGAAGAACCTTAC RL23_B_16S_1401R CTATGCGCCTTGCCAGCCCGCTCAG ACGTAGTGTCG CGGTGTGTACAAGGCCCGGGAACG 

PP2093 B208 RL24_A_16S_968F CGTATCGCCTCCCTCGCGCCATCAG CGTACGTCGAT AACGCGAAGAACCTTAC RL24_B_16S_1401R CTATGCGCCTTGCCAGCCCGCTCAG ATCGACGGACG CGGTGTGTACAAGGCCCGGGAACG 

PP2096 B210 RL25_A_16S_968F CGTATCGCCTCCCTCGCGCCATCAG CTACTCGTAGT AACGCGAAGAACCTTAC RL25_B_16S_1401R CTATGCGCCTTGCCAGCCCGCTCAG ACTACGGGTAG CGGTGTGTACAAGGCCCGGGAACG 

1
4
3 

D
IF

F
E

R
E

N
T

IA
L
 R

E
S

O
U

R
C

E
 U

T
IL

IZ
A

T
IO

N
 

  



CHAPTER V  

144 

Appendix S3: Summary of the sequence data from the two 454 runs performed on 18 

field specimens 

 Forward sequences    Reverse sequences   

Samples raw sequences sequences 

after denoising 

#OTU_>1 Good's 

coverage 

raw sequences sequences 

after denoising 

#OTU_>1 Good's 

coverage 

Pm1_143 998 937 144 0.91  959 891 159 0.91 

Pm1_145 14004 12995 352 0.92  13896 13238 473 0.93 

Pm1_147 8285 7492 357 0.88  8039 7304 398 0.88 

Pm2_149 1524 1420 169 0.94  1459 1374 193 0.90 

Pm2_151 699 626 99 0.95  1072 1011 162 0.91 

Pm2_153 4345 4134 321 0.86  3998 3803 370 0.85 

Pm3_155 2697 2567 263 0.86  2581 2467 265 0.86 

Pm3_157 10024 9700 240 0.93  11039 10829 275 0.92 

Pm3_159 839 802 85 0.95  682 643 97 0.95 

 43415 40673 1098   43725 41560 1295  

Pm1_212 22891 20564 401 0.92  27557 25068 513 0.92 

Pm1_196 4755 4497 291 0.88  5436 5125 297 0.89 

Pm1_198 3909 3734 89 0.97  4660 4473 140 0.96 

Pm2_200 3687 3430 248 0.90  3502 3254 297 0.90 

Pm2_214 2044 1958 116 0.94  7174 6990 270 0.91 

Pm2_204 3423 3014 223 0.90  4085 3676 277 0.88 

Pm3_206 1022 973 111 0.93  2028 1927 183 0.92 

Pm3_208 2005 1932 109 0.95  2883 2782 160 0.93 

Pm3_210 2566 2419 213 0.90  2348 2252 224 0.91 

 46302 42521 1036   59673 55547 1354  

 

Summary of the number of sequences and OTUs obtained after quality filtering using the open 

reference OTU picking workflow for each nematode specimen (óSamplesô). Forward and Reverse 

sequences were analysed separately. óRaw sequencesô: number of sequences obtained without any 

filtering. óSequences after denoisingô: number of sequences retained in the dataset after filtering and 

denoising with FlowClus and removal of chimera sequences. ó#OTU_>1ô: the number of OTUs that 

had more than one sequence in the whole dataset. óGoodôs coverageô is calculated per sample. Top 

9 specimens are from the first sequencing run, the bottom 9 specimens are from the second 

sequencing run.  
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Appendix S4: Summary of the analyses to investigate variability between the technical 

replicates.  

 

To explore the extent of PCR bias, we have labelled the technical replicates from three 

randomly chosen samples from the food experiment with different barcodes. Ideally, we 

would have liked to see: 

a/ a similar number of OTUôs between the three technical replicas of the same sample. This 

was the case (see column Total # OTUs in Table 1). 

b/ a large proportion (if not all) of OTUôs to be shared between technical replicates. Only a 

small fraction (generally < 23%) of the OTUs appeared in only one replicate, except for 

replica Pm3Ea, where 40% of the OTUs were uniquely found in that replica. Most OTUs 

were thus shared between at least two replicates (Fig. 1). 

c/ if unique OTUs are found, they should be there in very low frequency so that they will not 

have strong impacts on the final dataset. This was the case: the relative frequencies observed 

for each of the unique OTUs ranged between 0.01 and 0.21% confirming that they received 

only a very small fraction of the sequence reads (Table 2). 

d/ the variation between technical replicates to be lower compared to the variation between 

biological replicates. We calculated Generalized Unifrac distances between the technical and 

biological replicates and found indeed that the variation among the technical replicates was 

lower than that compared to the biological replicates (Fig. 2). 
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Table 1: Total number of reads and OTUs for each of the three technical replicates for 

treatment Pm1B, Pm3E and Pm3bact. Replicates are indicated with letters a, b and c. 

ñUnique OTUsò are OTUs that were only found in that particular replica. 

ñOTUs_Shared_in_2_Replò are OTUs that were shared between two replicates of the 

treatment; ñOTUs_Shared_in_3_Replò are OTUs that were present in all three replicates of 

the treatment. 

 

  Total # 

reads 

Total # 

OTUs 

Unique 

OTUs 

OTUs_Shared_in

_2_Repl 

OTUs_Shared_in

_3 Repl 

Pm1Ba 52894 581 87 222 272 

Pm1Bb 56379 609 99 238 272 

Pm1Bc 68788 651 137 242 272 

      

Pm3Ea 136469 697 280 247 170 

Pm3Eb 107838 497 66 261 170 

Pm3Ec 125507 436 102 164 170 

      

Pm3bacta 42930 419 81 173 165 

Pm3bactb 68610 455 77 213 165 

Pm3bactc 44634 323 28 130 165 

 



Table 2: Calculation of the maximum relative frequency of unique OTUs per replica. For each replica, the frequency of the most abundant OTU is 

calculated (ñMax_sequence countò) and divided by the total number of sequence reads obtained for that replica (óTotal readsô) to yield the relative 

frequency in each OTU. 

  PM3bactc1a PM3bactc1b PM3bactc1c PM1B1b PM1B1a PM1B1c PM3E10a PM3E10c PM3E10b 

Max_sequence 

count 70 7 4 110 76 22 271 33 73 

Total reads 41982 59285 42921 51587 54788 66762 133859 106476 123950 

Relative 

frequency 0.17 0.01 0.01 0.21 0.14 0.03 0.20 0.03 0.06 
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Figure 1: Percentage of OTUs uniquely found in each replica, shared between two replicas 

and shared between three replicas. 

 

 

Figure 2: Average Unifrac distances between technical replicates and biological replicates 

of each of three treatments (Pm1B, Pm3E and Pm3B). 
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Appendix S5: Figures related to alpha diversity and beta diversity measurements of the    

forward dataset generated using the 454 platform of the field specimens. 

 

Figure 1: Taxonomic assignments at the phylum level of representative sequences of each 

OTU from the Forward dataset. Relative frequency of reads below 0.025 are pooled in a 

óLow frequency Classô. Bars represent average values of six specimens for species Pm1 

(black), Pm2 (grey) and Pm3 (white). Error bars are standard deviations based on six 

replicates from each species. 
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Figure 2: Rarefaction curves of the number of observed OTUs (A) and Shannon index (B) 

for each species based on Forward dataset. Error bars were calculated from the variance of 

the respective parameter drawn in 10 randomizations at each sample size. 
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Figure 3: Principal coordinates analysis plot based on Generalized Unifrac distances between 

18 nematode specimens after rarefaction of the forward dataset at 600 sequences per 

specimen. Intraspecific distances for Pm1, Pm2 and Pm3 are encircled. 
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Appendix S6: Rank abundance plots of OTUs from each of the 18 field specimens. Reads 

were generated with the 454 platform. Note the log scale of the X-axis. A/ Forward dataset; 

B/ Reverse dataset. Each line corresponds to one specimen. 

 



Appendix S7: Taxonomic assignment of the core OTUs. Forward 97%: OTUs generated using the Forward dataset with OTU clustering at 97%; 

Reverse 97%: OTUs generated based on the Reverse dataset with OTU. OTUs that are present in all six specimens of species Pm1, Pm2 and Pm3 

are indicated by ñxò. Core OTUs that are present in at least one specimen of the other species are indicated by ñIñ.  

OTU ID Pm1 Pm2 Pm3 Taxonomy 

Forward 97%         

209124 x x I Bacteroidetes, Flavobacteriia, Flavobacteriales, Weeksellaceae, Cloacibacterium 

4330856 x x I Proteobacteria, Alphaproteobacteria, Caulobacterales, Caulobacteraceae,  

741010 x I I Proteobacteria, Gammaproteobacteria, Alteromonadales, Alteromonadaceae, Cellvibrio 

New.ReferenceOTU34 x I I Proteobacteria, Gammaproteobacteria, Alteromonadales, Alteromonadaceae, Cellvibrio 

4334053 x x I Proteobacteria, Gammaproteobacteria, Pseudomonadales, Moraxellaceae,  

699789  I x Proteobacteria, Gammaproteobacteria, Pseudomonadales, Moraxellaceae, Acinetobacter 

4449456 I I x Proteobacteria, Gammaproteobacteria, Pseudomonadales, Moraxellaceae, Acinetobacter 

284413 I x I Proteobacteria, Gammaproteobacteria, Xanthomonadales, Sinobacteraceae,  

154604 I x I Proteobacteria, Gammaproteobacteria, Xanthomonadales, Sinobacteraceae,  

Reverse 97%         

200979 I x I Actinobacteria, Actinobacteria, Actinomycetales, Microbacteriaceae, Microbacterium 

263590 I x I Actinobacteria, Actinobacteria, Actinomycetales, Microbacteriaceae, Microbacterium 

4437011 I x I Bacteroidetes, Flavobacteriia, Flavobacteriales, Weeksellaceae, Chryseobacterium 

310003  I x Proteobacteria, Alphaproteobacteria, Caulobacterales, Caulobacteraceae 

4330856 x x I Proteobacteria, Alphaproteobacteria, Caulobacterales, Caulobacteraceae,  

4295954 I I x Proteobacteria, Betaproteobacteria, Burkholderiales, Comamonadaceae, Acidovoraxcaeni 

4455981 x I I Proteobacteria, Deltaproteobacteria, Bdellovibrionales, Bacteriovoracaceae, 

741010 x I I Proteobacteria, Gammaproteobacteria, Alteromonadales, Alteromonadaceae, Cellvibrio 

2967255 x I I Proteobacteria, Gammaproteobacteria, Alteromonadales, Alteromonadaceae, Cellvibrio 

4334053 x x I Proteobacteria, Gammaproteobacteria, Pseudomonadales, Moraxellaceae 

720489   x Proteobacteria, Gammaproteobacteria, Pseudomonadales, Moraxellaceae, Acinetobacter 

4449456  I x Proteobacteria, Gammaproteobacteria, Pseudomonadales, Moraxellaceae, Acinetobacter 

4449458 I x I Proteobacteria, Gammaproteobacteria, Pseudomonadales, Moraxellaceae, Acinetobacter 
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Reverse 99%         

New.CleanUp.ReferenceOTU8140 I x I Actinobacteria, Actinobacteria, Actinomycetales, Microbacteriaceae, Microbacterium 

1102856 x I I Actinobacteria, Actinobacteria, Actinomycetales, Propionibacteriaceae, Propionibacterium, acnes 

1038849 x x I Bacteroidetes, Flavobacteriia, Flavobacteriales, Weeksellaceae, Chryseobacterium 

4330856 x x I Proteobacteria, Alphaproteobacteria, Caulobacterales, Caulobacteraceae 

822041  I x Proteobacteria, Alphaproteobacteria, Caulobacterales, Caulobacteraceae 

1061429 x x I Proteobacteria, Betaproteobacteria, Burkholderiales, Comamonadaceae 

New.CleanUp.ReferenceOTU11073 x I I Proteobacteria, Gammaproteobacteria, Alteromonadales, Alteromonadaceae, Cellvibrio 

1025018 x x I Proteobacteria, Gammaproteobacteria, Pseudomonadales, Moraxellaceae 

1089344 x x I Proteobacteria, Gammaproteobacteria, Pseudomonadales, Moraxellaceae 

972803 I I x Proteobacteria, Gammaproteobacteria, Pseudomonadales, Moraxellaceae, Acinetobacter 

960682   x Proteobacteria, Gammaproteobacteria, Pseudomonadales, Moraxellaceae, Acinetobacter 

New.CleanUp.ReferenceOTU6513  x Proteobacteria, Gammaproteobacteria, Pseudomonadales, Moraxellaceae, Acinetobacter 

New.CleanUp.ReferenceOTU8300 I I x Proteobacteria, Gammaproteobacteria, Pseudomonadales, Moraxellaceae, Acinetobacter 

1105959 x I I Proteobacteria, Gammaproteobacteria, Pseudomonadales, Moraxellaceae, Enhydrobacter 
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Appendix S8: Summary of the sequence data from the MiSeq run on the specimens of the food experiment. Summary of the sequence data from 

a separate MiSeq run containing three biological replicas of the E. coli suspension are also provided. 

 

 

Food experiment                     

Samples 

raw 

sequences 

sequences 

after 

denoising 

After open 

reference 

picking #OTU_>1 

Good's 

coverage Samples 

raw 

sequences 

sequences 

after 

denoising 

After open 

reference 

picking #OTU_>1 

Good's 

coverage 

Pm1B1a 54180 52894 51587 710 0.99 Pm1E1 397754 391753 198450 2418 0,99 

Pm1B1b 57938 56379 54788 789 0.99 Pm1E2 79175 78438 77121 1150 0,97 

Pm1B1c 71544 68788 66762 777 0.99 Pm1E3 449025 443384 433624 2154 0,99 

Pm1B1 183662 178061 173137 1536 0.99 Pm1E4 246629 243122 238173 1596 0,99 

Pm1B2 258860 257274 253159 2048 0.99 Pm1E5 997926 989814 972963 3541 0,99 

Pm1B3 322913 303985 303985 6875 0.97 Pm1E6 308058 306201 302576 1568 0,99 

Pm1B4 251187 249546 245673 1640 0.99 Pm1E7 574878 572322 565391 1463 0,99 

Pm1B5 782833 775715 762658 4060 0.99 Pm1E8 203608 202362 200038 1118 0,99 

Pm1B6 784471 776525 761842 3369 0.99 Pm1E9 265059 263801 260447 1760 0,99 

Pm1B7 340165 335639 329048 2337 0.99 Pm1E10 389187 387422 383213 1817 0,99 

Pm1B8 160028 158696 155969 1802 0.99       

Pm1B9 364867 362186 362186 7864 0.97       

Pm1B10 122397 121013 118399 1697 0.99       

total  3571383 3518640 3466056 21774     3911299 3878619 3631996 10584   

average    3322.8      1858.5  
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Samples 

raw 

sequences 

sequences 

after 

denoising 

After open 

reference 

picking #OTU_>1 

Good's 

coverage Samples 

raw 

sequences 

sequences 

after 

denoising 

After open 

reference 

picking #OTU_>1 

Good's 

coverage 

Pm3B1 481421 478578 470440 2871 0,99 Pm3E1 570058 565998 557309 2603 0,99 

Pm3B2 505853 444182 437742 6875 0,97 Pm3E2 369151 362186 362186 7864 0,98 

Pm3B3 418275 383985 303985 1979 0,99 Pm3E3 262063 257821 252830 1982 0,99 

Pm3B4 460394 416041 410721 2632 0,99 Pm3E4 439684 434603 426370 3410 0,99 

Pm3B5 511810 456470 449560 1546 0,99 Pm3E5 352990 349212 343401 2238 0,99 

Pm3B6 399667 389922 306457 2540 0,99 Pm3E6 277667 275888 271753 1990 0,99 

Pm3B7 532983 336437 329652 3324 0,99 Pm3E7 377883 375053 369177 2049 0,99 

Pm3B8 532823 528457 517876 1517 0,99 Pm3E8 496613 493721 487073 1857 0,99 

Pm3B9 445151 231459 228153 2271 0,99 Pm3E9 336438 333999 328833 2310 0,99 

Pm3B10 446659 442031 433946 2595 0,99 Pm3E10 372684 369814 364285 2277 0,99 

      Pm3E10a 137776 136469 133859 1293 0,99 

      Pm3E10b 108618 107838 106476 903 0,99 

      Pm3E10c 126290 125507 123950 849 0,99 

total  4735036 4107562 3888532 15621     3855231 3818295 3763217 16963   

average    2815      2858  
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Stock and bacterial mix                                 

Samples 
raw 

sequences 

sequences 
after 

denoising 

After 
open 

reference 
picking 

#OTU_>1 
Good's 

coverage 
Samples 

raw 
sequences 

sequences 
after 

denoising 

After 
open 

reference 
picking 

#OTU_>1 
Good's 

coverage 
Samples 

raw 
sequences 

sequences 
after 

denoising 

After 
open 

reference 
picking 

#OTU_>1 
Good's 

coverage 

Pm1C1 203843 202833 198450 1873 0.99 Pm3C1a 43253 42930 41982 597 0.99 bactmixa 278123 276469 270737 2197 0,98 
Pm1C2 272281 271027 266233 2120 0.99 Pm3C1b 69039 68610 59285 601 0.99 bactmixb 379113 375540 367033 2795 0,98 

      Pm3C1c 44938 44634 42921 397 1.00       

      Pm3C1 157230 156174 144188 1053 0.99       

      Pm3C2 248463 246977 242761 1550 0.99       

  476124 473860 464683 2767     405693 403151 386949 1903     657236 652009 637770 5651   

Escherichia coli suspension (sequenced on a separate Miseq run as part of a follow-
up experiment) 

                      

Samples 
raw 

sequences 

sequences 
after 

filtering 

After 
open 

reference 
picking 

#OTU_>1 
Good's 

coverage 
            

EcoliA 22909 22149 21306 573 0.99             

EcoliB 27226 26493 25648 538 0.99             

EcoliC 28914 28159 27300 546 0.99             
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Appendix S9: Taxonomic composition of the bacterial communities at the phylum, class 

and family level of the food experiment based on MiSeq sequencing of the 16S rRNA gene 

 

The microbiomes of all samples were clearly dominated by Proteobacteria and Bacteroidetes 

(Fig. 1). Proteobacteria was the most dominant phylum in both food treatments of Pm1 (63% 

for B treatment and 72% for E treatment) and Pm3 (55% for B treatment and 37% for E 

treatment). Bacteriodetes was the second most dominant phylum for both species (>7.5% in 

all four treatments). The Actinobacteria were also present in all specimens, but reached much 

lower abundances than the Proteobacteria and Bacteroidetes. The Planctomycetes, 

Firmicutes and Cyanobacteria had low frequencies and were found in 95%, 95% and 93 % 

of all the samples, respectively. The samples in which these phyla were absent belonged to 

the E.coli treatment. A high frequency of unassigned OTUs was prominent in all specimens 

of Pm3 (4.8% and 6.3% for Pm1B and Pm1E, respectively and 55.1% and 37.3% for Pm3B 

and Pm3E, respectively). 

Within the Proteobacteria, the Alpha and Gammaproteobacteria reached comparable ratios 

in the microbiomes of the four food treatments. For Pm1B, almost all specimens were 

dominated by Alphaproteobacteria, while half of the specimens of the E.coli treatment were 

dominated by Alphaproteobacteria and the other half by Gammaproteobacteria (Fig. 2a). For 

Pm3, the Gammaproteobacteria dominated in almost all specimens, regardless the food that 

had been offered (Fig. 2b). Within the Alphaproteobacteria 10 orders and 35 families were 

found. Both food treatments of Pm1 and Pm3 were dominated by the Rhizobiales (with high 

abundances of the Rhizobiaceae (Fig. 3)). The family of the Rhodobacteraceae was abundant 

in all Pm1 specimens, but for Pm3 this family was more abundant in the specimens that 

received E. coli as food source. The Rhodobacteraceae was also the most abundant family 

in the stock cultures of both species (Fig. 3). Within the Gammaproteobacteria 18 orders and 

54 families were found. Vibrionales was the most abundant order for both stock cultures, the 

E.coli treatment of Pm1 and Pm3 and the bacterial mixture treatment of Pm1 and consisted 

almost exclusively of Pseudoalteromonadaceae and Vibrionaceae (Fig. 4). Pm1 and Pm3 

worms that had been fed the bacterial mixture further contained a higher amount of 

Alteromonadaceae than those worms that had been fed E. coli. Importantly, the composition 

at the family level was appears to be different between worms that had been fed the bacterial 

mixture and those that had been fed E. coli, and the composition of the bacterial mix was 

similar to the composition of the worms that had been fed this mixture (Fig. 4). The Beta, 

Delta and Epsilon Proteobacteria contained only 9, 11 and 1 order, respectively. Within the 
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Bacteriodetes 7 orders and 26 families were observed. Flavobacteriales was the most 

abundant order (more than 60%) for both food treatments and the stock culture of Pm1 and 

Pm3. Flavobacteriaceae was the most abundant family within this order for all these 

treatments, and was more abundant in the Pm1 specimens than in the Pm3 specimens. In 

contrast, the order Saprospirales (with almost exclusively the family Saprospiraceae) was 

prominent in almost all samples, but reached higher abundances in all Pm3 specimens than 

in the Pm1 specimens. It was also the dominant family in the pure bacterial mixture (Fig. 5). 

For the bacterial mixture treatment of Pm1, the Cryomorphaceae was also present in a high 

abundance in several specimens (Fig. 5), while this family was almost absent in the other 

treatment and species. 

The Actinobacteria consisted of 7 orders and 47 families with the order Actinomycetales 

comprising more than 95%. Within this order 33 families occurred with Microbacteriaceae 

being the most dominant in all the treatments (at least 70%) (Fig. 6). 

 

 

Figure 1: Taxonomic assignments of reads at the phylum level with a relative frequency 

Ó0.025 for the four treatments of the food experiment, and for the two stock cultures. Taxa 

with frequencies below 0.025 are pooled in a óLow frequencyô class. Bars represent average 

values with standard deviations of ten specimens for each food treatment (Pm1B: Pm1 

nematodes fed the bacterial mix; Pm 3B: Pm3 nematodes fed the bacterial mix; Pm1E: Pm1 

nematodes fed E.coli; Pm3E: Pm3 nematodes fed E. coli) and two replicates from the agar 

of stock cultures of Pm1 (Pm1C) and Pm3 (Pm3C). 
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Figure 2: Taxonomic assignment of reads at the class level within Proteobacteria 

from the food experiment. A/ all 22 samples of Pm1. Pm1B1-10: 10 biological 

replicas of the bacterial mixture treatment; Pm1E1-10: 10 biological replicas of the 

E. coli treatment; Pm1C1-2: two biological replicas of the agar from Pm1 stock 

cultures; bactmixa-b: two biological replicas of the bacterial mix. B/ all 22 samples 

of Pm3. Sample codes as for Pm1. 
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Figure 3: Taxonomic assignment of reads at the family level within Alphaproteobacteria for 

the food experiment. The six most abundant families are shown, the 29 remaining families 

are pooled in a ñLow Frequency Classò. A/ all 22 samples of Pm1. Pm1B1-10: 10 biological 

replicas of the bacterial mixture treatment; Pm1E1-10: 10 biological replicas of the E. coli 

mixture treatment; Pm1C1-2: two biological replicas of the agar from Pm1 stock cultures; 

bactmixa-b: two biological replicas of the bacterial mix. B/ all 22 samples of Pm3. Sample 

codes as for Pm1. 
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Figure 4: Taxonomic assignment of reads at the family level within Gammaproteobacteria 

for the food experiment. The eight most abundant families are shown, the 46 remaining taxa 

are pooled in a ñLow Frequency Class ñ. A/ all samples of Pm1. Pm1B1-10: 10 biological 

replicas of the bacterial mixture treatment; Pm1E1-10: 10 biological replicas of the E. coli 

mixture treatment; Pm1C1-2: two biological replicas of the agar from Pm1 stock cultures; 

bactmixa-b: two biological replicas of the bacterial mix. B/ all 22 samples of Pm3. Sample 

codes as for Pm1. 
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Figure 5: Taxonomic assignment of reads at the family level within Bacteroidetes for the 

food experiment. The five most abundant families are shown, the 21 remaining families are 

pooled in a ñLow Frequency Class ñ. A/ all 22 samples of Pm1. Pm1B1-10: 10 biological 

replicas of the bacterial mixture treatment; Pm1E1-10: 10 biological replicas of the E. coli 

treatment; Pm1C1-2: two biological replicas of the agar from Pm1 cultures; bactmixa-b: two 

biological replicas of the bacterial mix. B/ all 22 samples of Pm3. Sample codes as for Pm1. 
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Figure 6: Taxonomic assignment of reads at the family level within Actinobacteria for the 

food experiment. The six most abundant families are shown, the 41 remaining families are 

pooled in a ñLow Frequency Class ñ. A/ all 22 samples of Pm1. Pm1B1-10: 10 biological 

replicas of the bacterial mixture treatment; Pm1E1-10: 10 biological replicas of the E. coli 

treatment; Pm1C1-2: two biological replicas of the agar from Pm1 stock cultures; bactmixa-

b: two biological replicas of the bacterial mix. B/ all 22 samples of Pm3. Sample codes as 

for Pm1. 

  



DIFFERENTIAL RESOURCE UTILIZATION AMONG CRYPTIC SPECIES 

165 

Appendix S10: Graphs of alpha diversity (rarefaction curves of number of OTUs and 

Shannon Index, rank abundance plots) of the specimens of the food experiment. 

 

Figure 1: Rarefaction curves of the number of observed OTUs for each treatment of the food 

experiment (Pm1B, Pm1E, Pm3B, Pm3E), the agar from the stock cultures (Pm1C and 

Pm3C) and the pure bacterial mixture. Error bars were calculated from the variance of 10 

randomizations at each sample size. 
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Figure 2: Rarefaction curves of the number of the Shannon Index for each treatment of the 

food experiment (Pm1B, Pm1E, Pm3B, Pm3E), the agar from the stock cultures (Pm1C and 

Pm3C) and the pure bacterial mixture. Error bars were calculated from the variance of 10 

randomizations at each sample size. 
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A 

 

B 

 

Figure 3: Rank abundance plots of OTUs from each of the 20 Pm1 specimens. Note the log 

scale of the X-axis. A/ E. coli fed worms; B/ Bacterial mix fed worms. Each line corresponds 

to one specimen. 
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A 

 

B 

 

Figure 4: Rank abundance plots of OTUs from each of the 20 Pm3 specimens. Note the log 

scale of the X-axis. A/ E. coli fed worms; B/ Bacterial mix fed worms. Each line corresponds 

to one specimen.
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Appendix S11: List of biomarker taxa identified by LeFSe for Pm1 and Pm3 from 

the food experiment. OTU ID and taxonomic assignment using Greengenes are 

included. 

Biomarker taxa for Pm1 

OTU ID Taxonomy 

84346 Bacteroidetes 

NewReferenceOTU2348 Bacteroidetes 

NewReferenceOTU2103 Bacteroidetes 

394758 Bacteroidetes 

783545 Bacteroidetes 

NewReferenceOTU590 Bacteroidetes 

NewReferenceOTU1082 Bacteroidetes 

114234 Bacteroidetes 

643716 Bacteroidetes 

210280 Bacteroidetes 

249383 Bacteroidetes 

1032085 Bacteroidetes 

NewReferenceOTU4008 Bacteroidetes 

NewReferenceOTU1030 Bacteroidetes 

4321726 Bacteroidetes 

NewReferenceOTU4188 Bacteroidetes 

549386 Bacteroidetes 

NewReferenceOTU4168 Bacteroidetes 

149448 Bacteroidetes 

NewReferenceOTU4195 Bacteroidetes 

NewReferenceOTU4168 Bacteroidetes.Flavobacteriia 

NewReferenceOTU4195 Bacteroidetes.Flavobacteriia 

1032085 Bacteroidetes.Flavobacteriia 

249383 Bacteroidetes.Flavobacteriia 

4321726 Bacteroidetes.Flavobacteriia 

84346 Bacteroidetes.Flavobacteriia 

149448 Bacteroidetes.Flavobacteriia 

NewReferenceOTU1082 Bacteroidetes.Flavobacteriia 

643716 Bacteroidetes.Flavobacteriia 

NewReferenceOTU590 Bacteroidetes.Flavobacteriia 

783545 Bacteroidetes.Flavobacteriia 

NewReferenceOTU2348 Bacteroidetes.Flavobacteriia 

NewReferenceOTU2103 Bacteroidetes.Flavobacteriia 

NewReferenceOTU4008 Bacteroidetes.Flavobacteriia 

394758 Bacteroidetes.Flavobacteriia 

NewReferenceOTU4188 Bacteroidetes.Flavobacteriia 

114234 Bacteroidetes.Flavobacteriia 
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NewReferenceOTU4168 Bacteroidetes.Flavobacteriia.Flavobacteriales 

394758 Bacteroidetes.Flavobacteriia.Flavobacteriales 

NewReferenceOTU4008 Bacteroidetes.Flavobacteriia.Flavobacteriales 

NewReferenceOTU2103 Bacteroidetes.Flavobacteriia.Flavobacteriales 

4321726 Bacteroidetes.Flavobacteriia.Flavobacteriales 

114234 Bacteroidetes.Flavobacteriia.Flavobacteriales 

1032085 Bacteroidetes.Flavobacteriia.Flavobacteriales 

643716 Bacteroidetes.Flavobacteriia.Flavobacteriales 

149448 Bacteroidetes.Flavobacteriia.Flavobacteriales 

NewReferenceOTU590 Bacteroidetes.Flavobacteriia.Flavobacteriales 

249383 Bacteroidetes.Flavobacteriia.Flavobacteriales 

84346 Bacteroidetes.Flavobacteriia.Flavobacteriales 

NewReferenceOTU4195 Bacteroidetes.Flavobacteriia.Flavobacteriales 

NewReferenceOTU1082 Bacteroidetes.Flavobacteriia.Flavobacteriales 

NewReferenceOTU2348 Bacteroidetes.Flavobacteriia.Flavobacteriales 

783545 Bacteroidetes.Flavobacteriia.Flavobacteriales 

NewReferenceOTU4188 Bacteroidetes.Flavobacteriia.Flavobacteriales 

NewReferenceOTU2103 Bacteroidetes.Flavobacteriia.Flavobacteriales.Cryomorphaceae 

NewReferenceOTU4008 Bacteroidetes.Flavobacteriia.Flavobacteriales.Cryomorphaceae 

NewReferenceOTU4168 Bacteroidetes.Flavobacteriia.Flavobacteriales.Cryomorphaceae 

NewReferenceOTU4188 Bacteroidetes.Flavobacteriia.Flavobacteriales.Cryomorphaceae 

NewReferenceOTU4195 Bacteroidetes.Flavobacteriia.Flavobacteriales.Cryomorphaceae 

NewReferenceOTU2103 Bacteroidetes.Flavobacteriia.Flavobacteriales.Cryomorphaceae.g 

NewReferenceOTU4188 Bacteroidetes.Flavobacteriia.Flavobacteriales.Cryomorphaceae.g 

NewReferenceOTU4195 Bacteroidetes.Flavobacteriia.Flavobacteriales.Cryomorphaceae.g 

NewReferenceOTU4168 Bacteroidetes.Flavobacteriia.Flavobacteriales.Cryomorphaceae.g 

NewReferenceOTU4195 Bacteroidetes.Flavobacteriia.Flavobacteriales.Cryomorphaceae.g.s 

NewReferenceOTU4168 Bacteroidetes.Flavobacteriia.Flavobacteriales.Cryomorphaceae.g.s 

NewReferenceOTU2103 Bacteroidetes.Flavobacteriia.Flavobacteriales.Cryomorphaceae.g.s 

NewReferenceOTU4188 Bacteroidetes.Flavobacteriia.Flavobacteriales.Cryomorphaceae.g.s 

783545 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae 

NewReferenceOTU1082 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae 

4321726 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae 

1032085 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae 

NewReferenceOTU2348 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae 

NewReferenceOTU590 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae 

394758 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae 

149448 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae 

249383 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae 

114234 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae 

84346 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae 

643716 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae 

NewReferenceOTU2348 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.g 

1032085 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.g 
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249383 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.g 

1032085 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.g.s 

249383 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.g.s 

NewReferenceOTU2348 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.g.s 

84346 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gMaribacter 

84346 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gMaribacter.s 

394758 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gWinogradskyella 

NewReferenceOTU1082 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gWinogradskyella 

114234 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gWinogradskyella 

643716 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gWinogradskyella 

783545 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gWinogradskyella 

4321726 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gWinogradskyella 

NewReferenceOTU590 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gWinogradskyella 

149448 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gWinogradskyella 

4321726 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gWinogradskyella.sthalassocola 

149448 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gWinogradskyella.sthalassocola 

NewReferenceOTU1082 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gWinogradskyella.sthalassocola 

NewReferenceOTU590 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gWinogradskyella.sthalassocola 

643716 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gWinogradskyella.sthalassocola 

783545 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gWinogradskyella.sthalassocola 

394758 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gWinogradskyella.sthalassocola 

114234 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gWinogradskyella.sthalassocola 

549386 Bacteroidetes.Saprospirae 

NewReferenceOTU1030 Bacteroidetes.Saprospirae 

210280 Bacteroidetes.Saprospirae 

210280 Bacteroidetes.Saprospirae.Saprospirales 

NewReferenceOTU1030 Bacteroidetes.Saprospirae.Saprospirales 

549386 Bacteroidetes.Saprospirae.Saprospirales 

210280 Bacteroidetes.Saprospirae.Saprospirales. 

549386 Bacteroidetes.Saprospirae.Saprospirales. 

NewReferenceOTU1030 Bacteroidetes.Saprospirae.Saprospirales. 

210280 Bacteroidetes.Saprospirae.Saprospirales..g 

549386 Bacteroidetes.Saprospirae.Saprospirales..g 

NewReferenceOTU1030 Bacteroidetes.Saprospirae.Saprospirales..g 

210280 Bacteroidetes.Saprospirae.Saprospirales..g.s 

549386 Bacteroidetes.Saprospirae.Saprospirales..g.s 

NewReferenceOTU1030 Bacteroidetes.Saprospirae.Saprospirales..g.s 

NewReferenceOTU100 Proteobacteria 

591923 Proteobacteria 

NewReferenceOTU2343 Proteobacteria 

NewReferenceOTU921 Proteobacteria 

NewReferenceOTU169 Proteobacteria 

NewReferenceOTU2218 Proteobacteria 

593700 Proteobacteria 



CHAPTER V  

172 

561165 Proteobacteria 

NewReferenceOTU1033 Proteobacteria 

NewCleanUpReferenceOTU150954 Proteobacteria 

1108208 Proteobacteria 

176420 Proteobacteria 

750031 Proteobacteria 

NewReferenceOTU1334 Proteobacteria 

251914 Proteobacteria 

252007 Proteobacteria 

542278 Proteobacteria 

836362 Proteobacteria 

309489 Proteobacteria 

NewReferenceOTU1521 Proteobacteria 

NewCleanUpReferenceOTU130132 Proteobacteria 

NewReferenceOTU3035 Proteobacteria 

NewReferenceOTU471 Proteobacteria 

NewReferenceOTU2011 Proteobacteria 

158140 Proteobacteria 

326373 Proteobacteria 

NewReferenceOTU408 Proteobacteria 

NewReferenceOTU3401 Proteobacteria 

140787 Proteobacteria 

808031 Proteobacteria 

36441 Proteobacteria 

837366 Proteobacteria 

79817 Proteobacteria 

19398 Proteobacteria 

NewCleanUpReferenceOTU220298 Proteobacteria 

NewCleanUpReferenceOTU117670 Proteobacteria 

NewCleanUpReferenceOTU92419 Proteobacteria 

586746 Proteobacteria 

84384 Proteobacteria 

153173 Proteobacteria 

NewReferenceOTU1989 Proteobacteria 

140920 Proteobacteria 

NewReferenceOTU419 Proteobacteria 

NewReferenceOTU2435 Proteobacteria 

590614 Proteobacteria 

4353625 Proteobacteria 

NewReferenceOTU2796 Proteobacteria 

830290 Proteobacteria 

NewReferenceOTU3191 Proteobacteria 

830696 Proteobacteria 

518661 Proteobacteria 
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NewReferenceOTU1187 Proteobacteria 

140829 Proteobacteria 

140860 Proteobacteria 

562023 Proteobacteria 

518661 Proteobacteria.Alphaproteobacteria 

NewReferenceOTU2011 Proteobacteria.Alphaproteobacteria 

593700 Proteobacteria.Alphaproteobacteria 

NewReferenceOTU1334 Proteobacteria.Alphaproteobacteria 

NewReferenceOTU1187 Proteobacteria.Alphaproteobacteria 

NewReferenceOTU1989 Proteobacteria.Alphaproteobacteria 

NewReferenceOTU471 Proteobacteria.Alphaproteobacteria 

590614 Proteobacteria.Alphaproteobacteria 

NewReferenceOTU1033 Proteobacteria.Alphaproteobacteria 

NewReferenceOTU3035 Proteobacteria.Alphaproteobacteria 

NewCleanUpReferenceOTU150954 Proteobacteria.Alphaproteobacteria 

NewCleanUpReferenceOTU220298 Proteobacteria.Alphaproteobacteria 

NewReferenceOTU921 Proteobacteria.Alphaproteobacteria 

NewReferenceOTU408 Proteobacteria.Alphaproteobacteria 

750031 Proteobacteria.Alphaproteobacteria 

NewCleanUpReferenceOTU130132 Proteobacteria.Alphaproteobacteria 

NewReferenceOTU419 Proteobacteria.Alphaproteobacteria 

NewReferenceOTU169 Proteobacteria.Alphaproteobacteria 

NewReferenceOTU2218 Proteobacteria.Alphaproteobacteria 

542278 Proteobacteria.Alphaproteobacteria 

NewReferenceOTU2343 Proteobacteria.Alphaproteobacteria 

NewReferenceOTU100 Proteobacteria.Alphaproteobacteria 

NewReferenceOTU2435 Proteobacteria.Alphaproteobacteria 

NewReferenceOTU2796 Proteobacteria.Alphaproteobacteria 

1108208 Proteobacteria.Alphaproteobacteria 

326373 Proteobacteria.Alphaproteobacteria 

NewCleanUpReferenceOTU117670 Proteobacteria.Alphaproteobacteria 

NewReferenceOTU2435 Proteobacteria.Alphaproteobacteria.Rhizobiales 

NewCleanUpReferenceOTU220298 Proteobacteria.Alphaproteobacteria.Rhizobiales 

NewReferenceOTU3035 Proteobacteria.Alphaproteobacteria.Rhizobiales 

NewReferenceOTU2796 Proteobacteria.Alphaproteobacteria.Rhizobiales 

518661 Proteobacteria.Alphaproteobacteria.Rhizobiales 

NewReferenceOTU1989 Proteobacteria.Alphaproteobacteria.Rhizobiales 

NewCleanUpReferenceOTU220298 Proteobacteria.Alphaproteobacteria.Rhizobiales.Phyllobacteriaceae 

518661 Proteobacteria.Alphaproteobacteria.Rhizobiales.Phyllobacteriaceae 

NewReferenceOTU3035 Proteobacteria.Alphaproteobacteria.Rhizobiales.Phyllobacteriaceae 

NewReferenceOTU2796 Proteobacteria.Alphaproteobacteria.Rhizobiales.Phyllobacteriaceae 

NewReferenceOTU1989 Proteobacteria.Alphaproteobacteria.Rhizobiales.Phyllobacteriaceae 

NewReferenceOTU2796 Proteobacteria.Alphaproteobacteria.Rhizobiales.Phyllobacteriaceae.g 

NewCleanUpReferenceOTU220298 Proteobacteria.Alphaproteobacteria.Rhizobiales.Phyllobacteriaceae.g 
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NewReferenceOTU1989 Proteobacteria.Alphaproteobacteria.Rhizobiales.Phyllobacteriaceae.g 

NewReferenceOTU3035 Proteobacteria.Alphaproteobacteria.Rhizobiales.Phyllobacteriaceae.g 

NewReferenceOTU1989 Proteobacteria.Alphaproteobacteria.Rhizobiales.Phyllobacteriaceae.g.s 

NewReferenceOTU2796 Proteobacteria.Alphaproteobacteria.Rhizobiales.Phyllobacteriaceae.g.s 

NewReferenceOTU3035 Proteobacteria.Alphaproteobacteria.Rhizobiales.Phyllobacteriaceae.g.s 

NewCleanUpReferenceOTU220298 Proteobacteria.Alphaproteobacteria.Rhizobiales.Phyllobacteriaceae.g.s 

NewReferenceOTU2435 Proteobacteria.Alphaproteobacteria.Rhizobiales.Rhizobiaceae 

NewReferenceOTU2435 Proteobacteria.Alphaproteobacteria.Rhizobiales.Rhizobiaceae.gAgrobacterium 

NewReferenceOTU2435 Proteobacteria.Alphaproteobacteria.Rhizobiales.Rhizobiaceae.gAgrobacterium.s 

NewReferenceOTU2343 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

NewReferenceOTU100 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

NewReferenceOTU1334 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

NewCleanUpReferenceOTU150954 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

NewCleanUpReferenceOTU117670 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

NewReferenceOTU921 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

NewReferenceOTU471 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

1108208 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

NewCleanUpReferenceOTU130132 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

NewReferenceOTU2218 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

NewReferenceOTU169 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

NewReferenceOTU1033 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

326373 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

NewReferenceOTU408 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

750031 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

NewReferenceOTU1187 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

593700 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

NewReferenceOTU2011 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

542278 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

NewReferenceOTU419 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

590614 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

NewReferenceOTU2218 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 

NewCleanUpReferenceOTU117670 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 

NewReferenceOTU1033 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 

NewReferenceOTU419 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 

NewReferenceOTU100 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 

1108208 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 

326373 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 

NewReferenceOTU408 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 

NewReferenceOTU169 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 

750031 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 

NewReferenceOTU2011 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 

593700 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 

NewReferenceOTU471 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 

NewReferenceOTU921 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 
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NewReferenceOTU2343 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 

NewReferenceOTU1187 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 

NewCleanUpReferenceOTU130132 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 

NewReferenceOTU1334 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 

NewCleanUpReferenceOTU150954 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 

590614 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 

542278 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 

NewReferenceOTU2011 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g 

NewReferenceOTU2218 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g 

1108208 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g 

593700 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g 

NewReferenceOTU471 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g 

NewReferenceOTU921 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g 

NewReferenceOTU419 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g 

NewCleanUpReferenceOTU130132 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g 

NewReferenceOTU408 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g 

NewReferenceOTU1187 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g 

NewReferenceOTU2343 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g 

NewReferenceOTU1334 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g 

326373 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g 

NewCleanUpReferenceOTU150954 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g 

750031 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g 

NewReferenceOTU100 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g 

542278 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g 

NewCleanUpReferenceOTU117670 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g 

1108208 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g.s 

NewReferenceOTU1334 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g.s 

326373 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g.s 

NewReferenceOTU2011 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g.s 

NewReferenceOTU471 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g.s 

542278 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g.s 

NewReferenceOTU1187 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g.s 

NewCleanUpReferenceOTU130132 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g.s 

593700 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g.s 

NewReferenceOTU419 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g.s 

NewReferenceOTU2343 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g.s 

NewCleanUpReferenceOTU117670 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g.s 

NewReferenceOTU408 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g.s 

NewReferenceOTU100 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g.s 

750031 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g.s 

NewReferenceOTU2218 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g.s 

NewReferenceOTU921 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g.s 

NewCleanUpReferenceOTU150954 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g.s 

NewReferenceOTU169 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.gOctadecabacter 



CHAPTER V  

176 

590614 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.gOctadecabacter 

NewReferenceOTU169 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.gOctadecabacter.s 

590614 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.gOctadecabacter.s 

837366 Proteobacteria.Gammaproteobacteria 

836362 Proteobacteria.Gammaproteobacteria 

562023 Proteobacteria.Gammaproteobacteria 

591923 Proteobacteria.Gammaproteobacteria 

158140 Proteobacteria.Gammaproteobacteria 

561165 Proteobacteria.Gammaproteobacteria 

79817 Proteobacteria.Gammaproteobacteria 

830290 Proteobacteria.Gammaproteobacteria 

586746 Proteobacteria.Gammaproteobacteria 

140787 Proteobacteria.Gammaproteobacteria 

153173 Proteobacteria.Gammaproteobacteria 

808031 Proteobacteria.Gammaproteobacteria 

NewCleanUpReferenceOTU92419 Proteobacteria.Gammaproteobacteria 

309489 Proteobacteria.Gammaproteobacteria 

36441 Proteobacteria.Gammaproteobacteria 

4353625 Proteobacteria.Gammaproteobacteria 

84384 Proteobacteria.Gammaproteobacteria 

830696 Proteobacteria.Gammaproteobacteria 

176420 Proteobacteria.Gammaproteobacteria 

140920 Proteobacteria.Gammaproteobacteria 

NewReferenceOTU3191 Proteobacteria.Gammaproteobacteria 

251914 Proteobacteria.Gammaproteobacteria 

NewReferenceOTU1521 Proteobacteria.Gammaproteobacteria 

140829 Proteobacteria.Gammaproteobacteria 

140860 Proteobacteria.Gammaproteobacteria 

252007 Proteobacteria.Gammaproteobacteria 

19398 Proteobacteria.Gammaproteobacteria 

NewReferenceOTU3401 Proteobacteria.Gammaproteobacteria 

79817 Proteobacteria.Gammaproteobacteria.Alteromonadales 

79817 Proteobacteria.Gammaproteobacteria.Alteromonadales.Alteromonadaceae 

79817 Proteobacteria.Gammaproteobacteria.Alteromonadales.Alteromonadaceae.g 

79817 Proteobacteria.Gammaproteobacteria.Alteromonadales.Alteromonadaceae.g.s 

140860 Proteobacteria.Gammaproteobacteria.Vibrionales 

586746 Proteobacteria.Gammaproteobacteria.Vibrionales 

176420 Proteobacteria.Gammaproteobacteria.Vibrionales 

830696 Proteobacteria.Gammaproteobacteria.Vibrionales 

140787 Proteobacteria.Gammaproteobacteria.Vibrionales 

19398 Proteobacteria.Gammaproteobacteria.Vibrionales 

561165 Proteobacteria.Gammaproteobacteria.Vibrionales 

NewCleanUpReferenceOTU92419 Proteobacteria.Gammaproteobacteria.Vibrionales 

837366 Proteobacteria.Gammaproteobacteria.Vibrionales 
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309489 Proteobacteria.Gammaproteobacteria.Vibrionales 

36441 Proteobacteria.Gammaproteobacteria.Vibrionales 

836362 Proteobacteria.Gammaproteobacteria.Vibrionales 

NewReferenceOTU3191 Proteobacteria.Gammaproteobacteria.Vibrionales 

140920 Proteobacteria.Gammaproteobacteria.Vibrionales 

591923 Proteobacteria.Gammaproteobacteria.Vibrionales 

808031 Proteobacteria.Gammaproteobacteria.Vibrionales 

140829 Proteobacteria.Gammaproteobacteria.Vibrionales 

158140 Proteobacteria.Gammaproteobacteria.Vibrionales 

252007 Proteobacteria.Gammaproteobacteria.Vibrionales 

251914 Proteobacteria.Gammaproteobacteria.Vibrionales 

4353625 Proteobacteria.Gammaproteobacteria.Vibrionales 

830290 Proteobacteria.Gammaproteobacteria.Vibrionales 

NewReferenceOTU3401 Proteobacteria.Gammaproteobacteria.Vibrionales 

NewReferenceOTU1521 Proteobacteria.Gammaproteobacteria.Vibrionales 

153173 Proteobacteria.Gammaproteobacteria.Vibrionales 

84384 Proteobacteria.Gammaproteobacteria.Vibrionales 

562023 Proteobacteria.Gammaproteobacteria.Vibrionales 

562023 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 

808031 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 

836362 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 

561165 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 

19398 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 

140829 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 

309489 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 

84384 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 

251914 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 

140920 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 

140860 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 

4353625 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 

140787 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 

153173 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 

591923 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 

NewReferenceOTU3401 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 

830696 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 

158140 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 

586746 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 

36441 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 

830290 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 

4353625 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas 

36441 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas 

830696 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas 

830290 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas 

562023 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas 
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153173 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas 

836362 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas 

140920 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas 

561165 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas 

808031 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas 

140860 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas 

586746 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas 

158140 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas 

309489 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas 

251914 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas 

84384 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas 

140787 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas 

19398 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas 

NewReferenceOTU3401 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas 

140829 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas 

591923 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas 

808031 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas.s 

4353625 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas.s 

562023 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas.s 

140860 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas.s 

140787 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas.s 

19398 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas.s 

830290 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas.s 

561165 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas.s 

309489 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas.s 

153173 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas.s 

36441 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas.s 

140829 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas.s 

836362 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas.s 

830696 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas.s 

84384 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas.s 

251914 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas.s 

591923 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas.s 

158140 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas.s 

NewReferenceOTU3401 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas.s 

140920 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas.s 

4353625 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.gPseudoalteromonas 

837366 Proteobacteria.Gammaproteobacteria.Vibrionales.Vibrionaceae 

252007 Proteobacteria.Gammaproteobacteria.Vibrionales.Vibrionaceae 

176420 Proteobacteria.Gammaproteobacteria.Vibrionales.Vibrionaceae 

NewCleanUpReferenceOTU92419 Proteobacteria.Gammaproteobacteria.Vibrionales.Vibrionaceae 

NewReferenceOTU3191 Proteobacteria.Gammaproteobacteria.Vibrionales.Vibrionaceae 

NewReferenceOTU3191 Proteobacteria.Gammaproteobacteria.Vibrionales.Vibrionaceae.g 

NewReferenceOTU3191 Proteobacteria.Gammaproteobacteria.Vibrionales.Vibrionaceae.g.s 
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Biomarkers for Pm3 

OTU ID Taxonomy 

278303 Bacteroidetes 

NewCleanUpReferenceOTU29602 Bacteroidetes 

147086 Bacteroidetes 

NewReferenceOTU4131 Bacteroidetes 

NewReferenceOTU2357 Bacteroidetes 

NewReferenceOTU2438 Bacteroidetes 

NewReferenceOTU2455 Bacteroidetes 

NewCleanUpReferenceOTU155365 Bacteroidetes 

NewReferenceOTU2305 Bacteroidetes 

4313779 Bacteroidetes 

NewReferenceOTU631 Bacteroidetes 

147086 Bacteroidetes.Flavobacteriia 

NewCleanUpReferenceOTU29602 Bacteroidetes.Flavobacteriia 

278303 Bacteroidetes.Flavobacteriia 

NewReferenceOTU2455 Bacteroidetes.Flavobacteriia 

NewReferenceOTU2305 Bacteroidetes.Flavobacteriia 

NewReferenceOTU2438 Bacteroidetes.Flavobacteriia 

NewReferenceOTU4131 Bacteroidetes.Flavobacteriia 

NewCleanUpReferenceOTU155365 Bacteroidetes.Flavobacteriia 

NewCleanUpReferenceOTU155365 Bacteroidetes.Flavobacteriia.Flavobacteriales 

NewCleanUpReferenceOTU29602 Bacteroidetes.Flavobacteriia.Flavobacteriales 

147086 Bacteroidetes.Flavobacteriia.Flavobacteriales 

NewReferenceOTU2438 Bacteroidetes.Flavobacteriia.Flavobacteriales 

278303 Bacteroidetes.Flavobacteriia.Flavobacteriales 

NewReferenceOTU4131 Bacteroidetes.Flavobacteriia.Flavobacteriales 

NewReferenceOTU2305 Bacteroidetes.Flavobacteriia.Flavobacteriales 

NewReferenceOTU2455 Bacteroidetes.Flavobacteriia.Flavobacteriales 

NewCleanUpReferenceOTU155365 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae 

NewReferenceOTU4131 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae 

278303 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae 

NewCleanUpReferenceOTU29602 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae 

NewReferenceOTU2438 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae 

NewReferenceOTU2305 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae 

147086 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae 

NewReferenceOTU2455 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae 

NewCleanUpReferenceOTU29602 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gCellulophaga 

NewReferenceOTU2305 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gCellulophaga 

147086 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gCellulophaga 

NewReferenceOTU4131 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gCellulophaga 

NewReferenceOTU2455 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gCellulophaga 

278303 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gCellulophaga 

NewCleanUpReferenceOTU155365 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gCellulophaga 
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NewReferenceOTU2438 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gCellulophaga 

NewReferenceOTU2438 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gCellulophaga.slytica 

NewCleanUpReferenceOTU29602 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gCellulophaga.slytica 

NewReferenceOTU4131 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gCellulophaga.slytica 

NewReferenceOTU2305 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gCellulophaga.slytica 

147086 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gCellulophaga.slytica 

NewCleanUpReferenceOTU155365 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gCellulophaga.slytica 

NewReferenceOTU2455 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gCellulophaga.slytica 

278303 Bacteroidetes.Flavobacteriia.Flavobacteriales.Flavobacteriaceae.gCellulophaga.slytica 

4313779 Bacteroidetes.Saprospirae 

NewReferenceOTU631 Bacteroidetes.Saprospirae 

NewReferenceOTU2357 Bacteroidetes.Saprospirae 

NewReferenceOTU631 Bacteroidetes.Saprospirae.Saprospirales 

NewReferenceOTU2357 Bacteroidetes.Saprospirae.Saprospirales 

4313779 Bacteroidetes.Saprospirae.Saprospirales 

NewReferenceOTU2357 Bacteroidetes.Saprospirae.Saprospirales.Saprospiraceae 

NewReferenceOTU631 Bacteroidetes.Saprospirae.Saprospirales.Saprospiraceae 

4313779 Bacteroidetes.Saprospirae.Saprospirales.Saprospiraceae 

NewReferenceOTU631 Bacteroidetes.Saprospirae.Saprospirales.Saprospiraceae.g 

4313779 Bacteroidetes.Saprospirae.Saprospirales.Saprospiraceae.g 

NewReferenceOTU2357 Bacteroidetes.Saprospirae.Saprospirales.Saprospiraceae.g 

NewReferenceOTU2357 Bacteroidetes.Saprospirae.Saprospirales.Saprospiraceae.g.s 

NewReferenceOTU631 Bacteroidetes.Saprospirae.Saprospirales.Saprospiraceae.g.s 

4313779 Bacteroidetes.Saprospirae.Saprospirales.Saprospiraceae.g.s 

NewReferenceOTU2110 Proteobacteria 

160928 Proteobacteria 

530962 Proteobacteria 

NewReferenceOTU2428 Proteobacteria 

NewCleanUpReferenceOTU73063 Proteobacteria 

NewReferenceOTU2190 Proteobacteria 

NewReferenceOTU1394 Proteobacteria 

NewCleanUpReferenceOTU249675 Proteobacteria 

820978 Proteobacteria 

198609 Proteobacteria 

346035 Proteobacteria 

NewReferenceOTU2279 Proteobacteria 

4304357 Proteobacteria 

785565 Proteobacteria 

NewReferenceOTU315 Proteobacteria 

NewCleanUpReferenceOTU249675 Proteobacteria.Alphaproteobacteria 

NewReferenceOTU315 Proteobacteria.Alphaproteobacteria 

NewCleanUpReferenceOTU73063 Proteobacteria.Alphaproteobacteria 

NewReferenceOTU1394 Proteobacteria.Alphaproteobacteria 

NewReferenceOTU2110 Proteobacteria.Alphaproteobacteria 
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4304357 Proteobacteria.Alphaproteobacteria 

NewCleanUpReferenceOTU249675 Proteobacteria.Alphaproteobacteria.Rhizobiales 

NewCleanUpReferenceOTU249675 Proteobacteria.Alphaproteobacteria.Rhizobiales.Rhizobiaceae 

NewCleanUpReferenceOTU249675 Proteobacteria.Alphaproteobacteria.Rhizobiales.Rhizobiaceae.gAgrobacterium 

NewCleanUpReferenceOTU249675 Proteobacteria.Alphaproteobacteria.Rhizobiales.Rhizobiaceae.gAgrobacterium.s 

NewReferenceOTU315 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

NewCleanUpReferenceOTU73063 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

NewReferenceOTU2110 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

NewReferenceOTU1394 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

4304357 Proteobacteria.Alphaproteobacteria.Rhodobacterales 

NewReferenceOTU315 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 

NewReferenceOTU2110 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 

4304357 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 

NewReferenceOTU1394 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 

NewCleanUpReferenceOTU73063 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae 

4304357 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g 

NewReferenceOTU315 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g 

NewReferenceOTU2110 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g 

NewCleanUpReferenceOTU73063 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g 

NewReferenceOTU2110 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g.s 

4304357 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g.s 

NewCleanUpReferenceOTU73063 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g.s 

NewReferenceOTU315 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.g.s 

NewReferenceOTU1394 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.gPhaeobacter 

NewReferenceOTU1394 Proteobacteria.Alphaproteobacteria.Rhodobacterales.Rhodobacteraceae.gPhaeobacter.s 

NewReferenceOTU2428 Proteobacteria.Gammaproteobacteria 

346035 Proteobacteria.Gammaproteobacteria 

NewReferenceOTU2279 Proteobacteria.Gammaproteobacteria 

820978 Proteobacteria.Gammaproteobacteria 

160928 Proteobacteria.Gammaproteobacteria 

198609 Proteobacteria.Gammaproteobacteria 

NewReferenceOTU2190 Proteobacteria.Gammaproteobacteria 

530962 Proteobacteria.Gammaproteobacteria 

785565 Proteobacteria.Gammaproteobacteria 

160928 Proteobacteria.Gammaproteobacteria.Vibrionales 

198609 Proteobacteria.Gammaproteobacteria.Vibrionales 

530962 Proteobacteria.Gammaproteobacteria.Vibrionales 

NewReferenceOTU2279 Proteobacteria.Gammaproteobacteria.Vibrionales 

NewReferenceOTU2190 Proteobacteria.Gammaproteobacteria.Vibrionales 

785565 Proteobacteria.Gammaproteobacteria.Vibrionales 

820978 Proteobacteria.Gammaproteobacteria.Vibrionales 

NewReferenceOTU2428 Proteobacteria.Gammaproteobacteria.Vibrionales 

346035 Proteobacteria.Gammaproteobacteria.Vibrionales 

820978 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 
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NewReferenceOTU2428 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 

530962 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 

785565 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 

198609 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae 

198609 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.g 

785565 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.g 

820978 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.g 

NewReferenceOTU2428 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.g 

530962 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.g 

198609 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.g.s 

530962 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.g.s 

785565 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.g.s 

820978 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.g.s 

NewReferenceOTU2428 Proteobacteria.Gammaproteobacteria.Vibrionales.Pseudoalteromonadaceae.g.s 

346035 Proteobacteria.Gammaproteobacteria.Vibrionales.Vibrionaceae 

160928 Proteobacteria.Gammaproteobacteria.Vibrionales.Vibrionaceae 

NewReferenceOTU2279 Proteobacteria.Gammaproteobacteria.Vibrionales.Vibrionaceae 

NewReferenceOTU2190 Proteobacteria.Gammaproteobacteria.Vibrionales.Vibrionaceae 

NewReferenceOTU2279 Proteobacteria.Gammaproteobacteria.Vibrionales.Vibrionaceae.gVibrio 

346035 Proteobacteria.Gammaproteobacteria.Vibrionales.Vibrionaceae.gVibrio 

160928 Proteobacteria.Gammaproteobacteria.Vibrionales.Vibrionaceae.gVibrio 

NewReferenceOTU2190 Proteobacteria.Gammaproteobacteria.Vibrionales.Vibrionaceae.gVibrio 

346035 Proteobacteria.Gammaproteobacteria.Vibrionales.Vibrionaceae.gVibrio.s 

160928 Proteobacteria.Gammaproteobacteria.Vibrionales.Vibrionaceae.gVibrio.s 

NewReferenceOTU2279 Proteobacteria.Gammaproteobacteria.Vibrionales.Vibrionaceae.gVibrio.s 

NewReferenceOTU2190 Proteobacteria.Gammaproteobacteria.Vibrionales.Vibrionaceae.gVibrio.s 

NewReferenceOTU1759 Unassigned 

NewReferenceOTU1875 Unassigned 

NewReferenceOTU1504 Unassigned 

NewReferenceOTU1550 Unassigned 

NewReferenceOTU1045 Unassigned 

NewReferenceOTU2401 Unassigned 

NewReferenceOTU2750 Unassigned 

NewReferenceOTU54 Unassigned 

NewReferenceOTU3705 Unassigned 

NewReferenceOTU3574 Unassigned 

NewReferenceOTU2014 Unassigned 

NewCleanUpReferenceOTU101342 Unassigned 

NewCleanUpReferenceOTU216626 Unassigned 

NewCleanUpReferenceOTU83057 Unassigned 

NewReferenceOTU1877 Unassigned 

NewReferenceOTU1507 Unassigned 

NewReferenceOTU1172 Unassigned 

NewReferenceOTU2313 Unassigned 
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NewReferenceOTU2420 Unassigned 

NewReferenceOTU1043 Unassigned 

NewReferenceOTU1848 Unassigned 

NewReferenceOTU3347 Unassigned 

NewReferenceOTU949 Unassigned 

NewCleanUpReferenceOTU236908 Unassigned 

NewReferenceOTU2197 Unassigned 

NewCleanUpReferenceOTU201181 Unassigned 

NewReferenceOTU2024 Unassigned 

NewReferenceOTU2369 Unassigned 

NewReferenceOTU3153 Unassigned 

NewReferenceOTU2168 Unassigned 

NewCleanUpReferenceOTU177381 Unassigned 

NewReferenceOTU1376 Unassigned 

NewReferenceOTU3457 Unassigned 

NewReferenceOTU1442 Unassigned 

NewReferenceOTU3095 Unassigned 

NewReferenceOTU1675 Unassigned 

NewReferenceOTU2684 Unassigned 

NewReferenceOTU1502 Unassigned 

NewReferenceOTU2448 Unassigned 

NewReferenceOTU1057 Unassigned 

NewReferenceOTU3078 Unassigned 

NewReferenceOTU3922 Unassigned 

NewCleanUpReferenceOTU147402 Unassigned 

NewReferenceOTU1787 Unassigned 

NewReferenceOTU1236 Unassigned 

NewReferenceOTU1493 Unassigned 

NewReferenceOTU2537 Unassigned 

NewReferenceOTU1422 Unassigned 

NewReferenceOTU1042 Unassigned 

NewReferenceOTU1160 Unassigned 

NewReferenceOTU1756 Unassigned 

NewReferenceOTU1872 Unassigned 
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Appendix S12: SEM pictures of nematode specimens from Pm1, Pm2 and Pm3 with 

bacteria attached to the cuticula. Top row: vulva region of the females (laterofrontal view 

for Pm1, lateral view for Pm2 and ventral view for Pm3); bottom row: males. For Pm1, this 

is a lateral view of the mid body region, for Pm2 a ventral view of the tail posterior region 

with bursa and spicula and for Pm3 a lateral view of the posterior body region with ejected 

spicula. 
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Appendix S13: Number of shared OTUs between each nematode specimen and each replica 

of the bacterial mix. 
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Slightly modified from: 

De Meester, N., Derycke, S. & Moens, T. (2012) Differences in time until dispersal 

between cryptic species of a marine nematode species complex. PloS one, 7, e42674.
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Abstract 

Co-occurrence of closely related species may be achieved in environments with fluctuating 

dynamics, where competitively inferior species can avoid competition through dispersal. 

Here we present an experiment in which we compared active dispersal abilities (time until 

first dispersal, number and gender of dispersive adults, and nematode densities at time of 

dispersal) in Litoditis ñmarinaò, a common bacterivorous nematode species complex 

comprising four often co-occurring cryptic species, Pm I, II, III and IV, as a function of 

salinity and food distribution. The experiment was conducted in microcosms consisting of 

an inoculation plate, connection tube and dispersal plate. Results show species-specific 

dispersal abilities with Pm I dispersing almost one week later than Pm III. The number of 

dispersive adults at time of first dispersal was species-specific, with one dispersive female 

in Pm I and Pm III and a higher, gender-balanced, number in Pm II and Pm IV. Food 

distribution affected dispersal in a species-specific way: in absence of food in the inoculation 

plate, Pm I start dispersing as fast as the other species, so all species dispersed after ca. four 

days. When food was present in the inoculation plate Pm I dispersed later (compared with 

the treatments where no food was present in the inoculation plate), but at the same time and 

densities irrespective of food conditions in the dispersal plate, suggesting density-dependent 

dispersal. Pm III dispersed not only faster than Pm I, but also at a lower population density. 

Salinity affected dispersal, with slower dispersal at higher salinity. These results suggest that 

active dispersal in Litoditis ñmarinaò is common, density-dependent and with species, 

gender- and environment-specific dispersal abilities. These differences can lead to 

differential responses under suboptimal conditions and may help to explain temporary 

coexistence at local scales.  
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Introduction  

Biodiversity in many ecosystems appears significantly higher than previously thought due 

to cryptic genetic diversity which underlies a broad range of morphospecies (Bickford, et 

al., 2007; Pfenninger & Schwenk, 2007). Despite increasing documentation of cryptic 

diversity, knowledge about the ecology of cryptic species remains very scant (Ralin, 1968; 

Gerhardt, 2005; Rissler & Apodaca, 2007; Alizon, et al., 2008; De Meester, et al., 2011 

(chapter II)). Morphologically highly similar species may show high functional similarity 

and niche overlap (Winston, 1995; Ortells, et al., 2003; Zhang, et al., 2004) which seems at 

odds with traditional competition theory (Darwin, 1859; Webb, et al., 2002; Violle, et al., 

2011).  

Coexistence of closely related species can be achieved in environments with fluctuating 

dynamics in time or space (e.g. presence of other species, food distribution). Here, 

competitively inferior species may persist because they are temporarily favoured by specific 

conditions (Begon, et al., 1996). Alternatively, species that are sufficiently motile can move 

to suitable patches and thus avoid competition (Snyder & Chesson, 2003). In this way, they 

can at least temporarily achieve some form of coexistence but escape from it through small-

scale dispersal when competitive pressure becomes too strong. This movement of 

individuals away from their natal environment is dispersal and can lead to gene flow over 

different spatial scales (Ronce, 2007; Gienapp, et al., 2008). Dispersal is a process, triggered 

partly by the intrinsic condition of organisms, such as gender, competitive ability, genetic 

variability and species identity (Ólafsson & Moore, 1990; Ims & Hjermann, 2001; 

Schratzberger, et al., 2004; Ullberg, 2004; Guilini, et al., 2011), and partly by environmental 

conditions, such as habitat and food quality, population density and intraspecific interactions 

(Lee, et al., 1977; Neira, et al., 2001; Bowler & Benton, 2005; Harvey, 2009).  

In contrast with most larger marine benthic vertebrates having at least one life stage in which 

dispersal occurs on a specific spatial scale (Ronce, 2007), most meiobenthic species 

(nematodes and other small metazoans in the size range of 0.04 to 2 mm (Mare, 1942)) lack 

a pelagic stage and have long been considered poor dispersers due to their small size and 

poor swimming ability (Palmer, 1988). Nematodes are the most abundant meiofauna in 

marine sediments (Heip, et al., 1985; Coomans, 2000) and have a high species diversity at 

both global and local scales (Lambshead & Boucher, 2003). They can passively disperse 

following erosion from sediments or through rafting on algae ((Thiel & Gutow, 2005), but 

they can also actively enter the water column (Ullberg, 2004), which may facilitate both 
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small-scale active dispersal as well as larger-scale passive dispersal (Chandler & Fleeger, 

1983; Armonies, 1988). They can at least partly control their settlement back to the sediment 

(Ullberg & Olafsson, 2003). In addition, they migrate laterally through sediments 

(Schratzberger, et al., 2004; Ullberg, 2004), but the rates and distances over which 

nematodes actively disperse and the extrinsic and intrinsic drivers of dispersal remain poorly 

known. Salinity effects, for instance, have not been tested before, probably because the effect 

of salinity variation has mostly been considered on a broader geographical scale. However, 

salinity can even vary between two nearby algae patches because of variation in shallow 

gullies and puddles. Moreover, diurnal (Kaiser, et al., 2005) and seasonal variations (Tietjen 

& Lee, 1972) in salinity also occur. These salinity differences may affect small-scale 

dispersal of meiofauna in a direct or indirect way (Ims & Hjermann, 2001). 

Litoditis ñmarinaò (Sudhaus, 2011) is a common bacterivorous nematode associated with 

decomposing macroalgae in the littoral zone of coastal and estuarine environments (Inglis 

& Coles, 1961; Sudhaus, 1974). Several cryptic species have been found within this 

morphospecies, formerly known as Rhabditis marina or Pellioditis marina (Derycke, et al., 

2008a), four (Pm I, Pm II, Pm III and Pm IV) of which frequently occur along the south-

western coast and estuaries of The Netherlands (Derycke, et al., 2008b). Moreover, it is 

common to find two or three of these cryptic species co-occurring (Derycke, et al., 2006). 

These species show concordant molecular divergences at nuclear and mitochondrial loci but 

lack single distinctive morphological differences (Derycke, et al., 2008a; Fonseca, et al., 

2008), and crossbreeding between them does not occur (Fonseca, et al., 2008). All species 

are gonochoristic; parthenogenesis has hitherto not been observed (Tietjen & Lee, 1972). 

Females of Pm I and IV largely reproduce through vivipary, whereas Pm II and Pm III use 

ovipary. They produce several tens up to 600 progeny per female (Vranken & Heip, 1983; 

Moens & Vincx, 2000b; dos Santos, et al., 2008), the vast majority of which are released 

during the first few days following maturation to adults. All four species have minimum 

juvenile development times of ca. 4 days at temperatures around 20°C, salinities between 15 

and 30, and sufficient food availability (De Meester, et al., 2015a; chapter III). Both 

geographical and seasonal variation in abundance and dominance of these cryptic species 

occurs (Derycke, et al., 2006) and may be linked to environmental variation (e.g. salinity). 

Recent laboratory experiments have also demonstrated that salinity affects the outcome of 

competitive and facilitative interactions between these cryptic species, with competition 
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being more pronounced at lower salinity and Pm IV and Pm II being competitively inferior 

to Pm I and Pm III (De Meester, et al., 2011; chapter II).  

In the present study, we tested if differences in dispersal abilities between the four different 

cryptic species of L. ñmarinaò exist and if these differences are gender- and environment-

specific.  In a first experiment the effects of food distribution on the dispersal ability of 

cryptic species are tested. If active dispersal exists in the cryptic species, we expect that it 

will occur more when food is limited in the source patch but still available in nearby patches. 

In a second experiment dispersal abilities of the four cryptic species were tested at different 

salinities. A previous experiment already showed that population growth and competitive 

ability of the cryptic species differed between two salinities (De Meester, et al., 2011; chapter 

II ). At the lower salinity, population growth rate of Pm III and Pm IV was higher, suggesting 

that this salinity was more favourable. We thus expected that this faster population growth 

would result in more pronounced intraspecific competition, leading to faster dispersal at the 

lower salinity (Thomas & Jepson, 1999; Saastamoinen & Hanski, 2008). These experiments 

will yield insight in extrinsic (salinity and food distribution) and intrinsic (species identity 

and gender) factor-dependent dispersal. Investigating the dispersal abilities of species is 

crucial to understand the highly dynamic patterns and the ecology of meiobenthic 

communities (Commito & Tita, 2002) and the resilience of populations under fluctuating 

environmental conditions (Harrison, 1979).  

Materials & Methods 

Nematode cultures 

Monospecific cultures of the four different cryptic species were raised from one single gravid 

female per species and maintained on sloppy (1%) nutrient:bacto agar media (Moens & 

Vincx, 1998) (temperature of 20°C; salinity of 25) with unidentified bacteria from their 

habitat as food. Species identity and monospecificity of stock cultures were tested shortly 

after their initiation and on regular moments thereafter on several individuals with a species-

specific qPCR assay using ITS sequences (Derycke, et al., 2012). Nematodes for the 

experiments were harvested from these stock cultures in exponential growth phase.   

Dispersal experiments 

Dispersal abilities of the cryptic species were measured as time until the first effective 

dispersal event. Dispersal was considered effective if it was followed by reproduction in the 
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dispersal plate, regardless whether the individual was already gravid before the dispersal 

event. To study the differences in time until dispersal between the four cryptic species, 

specially designed dispersal plates were used (Fig. 1). These plates consist of two Petri 

dishes (each 5 cm i.d.; an óinoculationô plate and a ódispersalô plate, respectively) connected 

by a tube (1 cm i.d. and 10 cm length). The length of this test tube was based on results of a 

preliminary test with tubes of various lengths. Considerably shorter tube lengths resulted in 

almost instantaneous migration to the dispersal plate, through random movement and/or 

through direct chemotaxis to food on the dispersal plate. Longer tube lengths (Ó15 cm) 

resulted in very slow dispersal irrespective of presence of food in the dispersal plate. The 

substratum in the plates was provided as 60 mL of a 1.5% bacto agar medium prepared with 

artificial seawater (Dietrich & Kalle, 1957). The agar was spread equally over the two 

different plates and the connection tube taking care that the surface was at the same level 

and continuous in both plates and connection tube. The relatively high concentration of the 

agar (1.5%) hampers burrowing of nematodes into the agar and thus restricts their movement 

to the agar surface, which greatly facilitates observations. The pH of the agar medium was 

buffered at 7.5 ï 8 with TRIS-HCl in a final concentration of 5mM. The addition of the 

buffer increases the initial salinity by ca 1.2 units. Two sets of dispersal experiments were 

performed, the first focusing on the role of food availability in the dispersal and inoculation 

plates, the second focusing on the effect of salinity on dispersal.  

 

Figure 1: Design of the dispersal microcosms with plate 1 being the inoculation plate and plate 

2 the dispersal plate. Dispersal ability was scored when nematodes first arrived at plate 2. 
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A. Food distribution experiment 

The experiment was started by manually picking up five adult males and five adult females 

from the stock cultures of a single cryptic species. Before placing the organisms randomly 

in the inoculation plate, they were bathed in clean artificial seawater (salinity of 25) for 2 h 

to remove most adhering bacteria. For every cryptic species, four different treatments were 

used. In the óBô treatment food was added to both plates (inoculation and dispersal plate); in 

the óIô treatment food was only added to the inoculation plate and not to the dispersal plate; 

in the óDô treatment food was only added to the dispersal plate, and in the óNô treatment food 

was absent from both plates. Food consisted of frozen-and-thawed Escherichia coli (strain 

K12) and was added every eighth day, well before food depletion occurred (50 µL of a 

suspension with a density of 3x109 cells mL-1) (dos Santos, et al., 2008). This bacterial strain 

has been shown to be a suitable food source for cultures of these four cryptic species of L. 

ñmarinaò. No food was ever added to the connection tube, but dispersing nematodes do 

carry bacteria on their cuticles and thus spread some food into the connection tube and 

dispersal plate. All plates contained agar with a salinity of 25 and were incubated in the dark 

at a constant temperature of 20°C. There were four independent replicates per treatment. 

Population and dispersal dynamics were studied by counting adults and juveniles every day 

in both plates. The timing of the arrival of the first organism at the dispersal plate was 

recorded, as well as the life stage (adult or juvenile) and the effectiveness of the dispersal 

event. Observations on the organisms in the connection tube and on nematode tracks were 

made, to verify if organisms were moving from the inoculation to the dispersal plate and not 

in a random way. Moreover, the gender of the first dispersers was recorded for the B 

treatment. After 20 days, the experiment was stopped because the agar medium started to 

become liquid. By that time, dispersal had occurred in every replicate. 

B. Salinity experiment 

Additional dispersal plates were started with food in both plates (treatment B, see above), 

but with agar medium with a salinity of 15 instead of 25. Methods and incubation conditions 

were the same as described for the food distribution experiment.  
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Data analyses 

Differences in the time until first effective dispersal between the cryptic species and between 

food treatments were tested in R (R Development Core Team, 2008) with a two-way 

ANOVA (species and food distribution as independent variables), as the assumptions for 

parametric tests were met. Abundances of adults, juveniles and total nematodes in the 

inoculation plate at the moment of first effective dispersal were also compared between the 

different species and food distributions by using a two-way ANOVA. A Tukey HSD test 

was used for posterior pair wise comparisons. A log transformation on the adult abundances 

in the dispersal plate at first dispersal event was used, as the data were not normally 

distributed. The analyses for the dispersive organisms were conducted with the data of the 

adults only. Juveniles were omitted from the analyses, as Pm I and Pm IV are viviparous 

species and in this way it was not possible to determine whether the juveniles present in the 

dispersal plate were real dispersers or offspring of dispersed adults.  

Differences in the time until first effective dispersal between the cryptic species and between 

salinities were also tested with ANOVA, and so were the abundances of adults, juveniles 

and total nematodes in the inoculation plate at the moment of dispersal, and the number of 

dispersive adults. When no significant interaction effects were found, one-way ANOVA or 

Kruskal-Wallis tests within one species were conducted to look for the effect of salinity 

within each species separately.  

Differences in gender-specificity of dispersal between the cryptic species was tested by 

calculating the proportion of females at the first dispersal event and conducting a Kruskal-

Wallis test with proportion of females as dependent variable and species as independent 

variable, as the assumptions for parametric tests were not met. 
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Results 

Food effects on time until dispersal between the different cryptic species 

Time until first effective dispersal between the four cryptic species of L. ñmarinaò was 

influenced by the interaction effect between species and food distribution (Table 1a). Food 

distribution had a pronounced effect on the time until dispersal of Pm I, with a significantly 

longer time until dispersal for the B and the I treatment (dispersal occurred respectively after 

14.5 ± 1.6 days and 14.8 ± 1.9 days) compared with the D and N treatment (resp. average of 

5 ± 0.9 and 6.5 ± 0.3 days until dispersal, fig 2a). In the B and I treatment, Pm I also dispersed 

more slowly than the other species, except for Pm I in the B treatment compared with Pm 

IV in the B treatment and with Pm III in the N treatment (for B treatment: 6.3 ± 1.0 days 

(Pm II), 4.3 ± 2.0 days (Pm III); for I treatment: 5.8 ± 1.0 days (Pm II), 5.5 ± 0.9 days (Pm 

III) and 7.0 ± 0.4 days (Pm IV); for N treatment: 6.5 ± 0.5 days (Pm II) and 6.5 ± 0.5 days 

(Pm IV)). Time until dispersal for the D treatment did not differ between the species and no 

differences between the different food treatments were found for the other species (Fig. 2a). 

Table 1: Results of the two-way ANOVA (independent factors: species (Pm I, Pm II, Pm III 

and Pm IV) and food treatment (B,D,N,I)) on a) time until dispersal and number of dispersive 

adults and b) total, adult and juvenile density in the inoculation plate at the first dispersal 

event.   

A)  
Time until dispersal 

Dispersive 
adults 

 df F p F p 
Species 3 13.56 < 0.0001 4.70 0.0059 
Food 3 10.47 < 0.0001 1.18 0.33 
Species:Food 9 4.89 0.00012 3.11 0.0050 

    

B) Density in inoculation 
plate 

                 Total                     Adult  Juvenile 

 df F p F p F p 

Species 3 0.49 0.69 3.06 0.037 0.80 0.50 

Food 3 11.40 < 0.0001 10.36 < 0.0001 9.63 < 0.0001 

Species:Food 9 1.63 0.13 2.16 0.042 1.42 0.21 
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Figure 2. Effect of food distribution on dispersal abilities: (a) average time until first dispersal event 

(mean ± SE), (b) average number of adults in the inoculation plate (mean ± SE) at time of first 

dispersal event and (c) average number of adults in the dispersal plate (mean ± SE) at time of first 

dispersal for the four cryptic species of L. ñmarinaò at four different food treatments. (B: food at 

inoculation and dispersal plate; I: only food in inoculation plate; D: only food in dispersal plate; N:no 

food in both plates) (letters above bars indicate pairwise significant differences; p<0.05; n = 64; the 

absence of letters means that there were no significant differences with any of the other treatments). 
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Total nematode density in the inoculation plate at the moment of first effective dispersal only 

differed between the different food distribution treatments (Table 1b), with significant 

differences between the I treatment and the three other treatments. Dispersal occurred at the 

lowest nematode density for the D treatment (47.6 ± 15.2 organisms over the four species), 

followed by the N treatment (114.7 ± 26.5 organisms), the B treatment (119.1 ± 29.8 

organisms) and the I treatment (215.8 ± 23.7 organisms). Food distribution had the same 

effect on juvenile and adult densities in the inoculation plate at first dispersal (Table 1b). In 

addition, adult numbers in the inoculation plate differed between species , and a significant 

interaction effect between food distribution and species was observed (Table 1b, Fig. 2b), 

with lower adult numbers at time of first dispersal for Pm II in the D treatment  (5.3 ± 3.6 

adults) compared with Pm I in the B and I treatment (resp. 59.5 ± 20.9 adults and 68.8 ± 10.2 

adults) and Pm III in the I treatment (60.5 ± 11.7 adults).  

For number of dispersive adults at time of first effective dispersal the interaction between 

food distribution and species was significant (Table 2a). Significant differences between 

species were also found mostly the result of a higher number of dispersive adults for Pm IV 

in the D treatment (14 ± 4.02 adults) compared with Pm II in this treatment (1.0 ± 0.5), Pm 

I in the B and I treatment (resp. 1.3 ± 0.3 and 1.3 ± 0.4 adults),  Pm III in the B treatment 

(1.0 ± 0.0 adults) and  Pm IV in the N treatment (1.0 ± 0.0 adults) (Fig. 2c). 

 

Salinity effects on time until dispersal between the different cryptic species 

Time until first effective dispersal was shorter at a lower salinity for all species (Table 2), 

with an average of 5.8 ± 1.1 days at a salinity of 15 compared to 8.4 ± 2.1 days at a salinity 

of 25. Time until dispersal also differed between the four cryptic species over the two 

salinities (Table 2) with Pm I again being the slowest disperser. Dispersal in Pm I occurred 

only after 11.4 ± 1.5 days (average over the two salinities) compared to 5.5 ± 0.5 days  in 

Pm II, 3.9 ± 0.97 days  in Pm III and 7.4 ± 0.8 days in Pm IV (Fig. 3a). No interaction effect 

between species and salinities was found (Table 2), indicating that the salinity effect was 

similar for all four cryptic species. However, no significant differences in time until first 

dispersal within species could be found (F1,6 , all P > 0.05). 

Total numbers of organisms in the inoculation plate at time of first effective dispersal were 

lower at a salinity of 15 than at a salinity of 25 (77.3 ± 15.3 vs. 126.7 ± 16.1 organisms; table 

2) over the four cryptic species. Total abundances at time of dispersal were also species-
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specific (Table 2), with Pm III dispersing at much lower total densities (28.1 ± 12.0 

organisms) compared with the three other species (resp. 139.4 ± 13.3 organisms (Pm I), 92.6 

± 30.1 organisms (Pm II) and 117.9 ± 21.3 organisms (Pm IV)) over the two salinities. The 

same trend was found when focusing on abundances of juveniles (Table 2). Adult 

abundances at first dispersal were also species-specific, with significant differences between 

Pm III (6.1 ± 2.3 adults) compared with Pm I and Pm IV (resp. 57.6 ± 11.4 and 43.5 ± 7.5 

adults), but no effect of salinity could be found (Table 2, Fig. 3b). An interaction effect 

between salinity and species was absent in all three cases (F3,24, all P> 0.32). For total 

nematode density, significant differences within one species were found for Pm III (F1,6=  

7.74 , P= 0.032) and Pm IV (F1,6= 14.97  , P= 0.0083), with higher total abundances at a 

salinity of 25 (52.0 ± 17.0 (Pm III) and 165.5 ± 24.0 (Pm IV)) than at a salinity of 15 (4.25 

± 2.6 (Pm III) and 70.3 ± 5.6 (Pm IV)). No significant differences were found within one 

species for the adult nematode density (F1,6 , all P > 0.05).  

Table 2: Results of the two-way ANOVA (independent factors: species (Pm I, Pm II, Pm III 

and Pm IV) and salinity treatment (15 and 25) on time until dispersal and total, adult and 

juvenile densities in the inoculation plate at first time of dispersal.   

  

time until dispersal total density adult density 
juvenile 

density 

ANOVA df F p F p F p F p 

Species 3 12.86 < 0.0001 6.91 0.0021 5.7 0.0041 4.30 0.014 

Salinity 1 7.32 0.012 5.49 0.028 0.41 0.52 6.80 0.016 

Species:Food 3 1.20 0.33 0.32 0.81 1.22 0.32 1.42 0.94 

 

Numbers of adults in the dispersal plate at time of first dispersal did not differ between the 

different salinity treatments, but did differ between the different species (ANOVA, 

F3,24=4.81, P= 0.0091), with higher numbers of dispersive organisms for Pm II (5.4 ± 0.8 

adults) than for Pm III (1.3 ± 0.2 adults; P= 0.03) (Fig. 3c). One-way ANOVAôs between 

salinities within one species did not reveal any differences (F1,6 , all P > 0.05). 
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Figure 3: Effect of salinity on dispersal abilities: (a) average time until first dispersal event (mean ± 

SE), (b) average number of adults in the inoculation plate (mean ± SE) at time of first effective 

dispersal and (c) average number of adults in the dispersal plate at the first dispersal event (mean ± 

SE) for the four cryptic species of L. ñmarinaò at two different salinities (no pairwise significant 

differences were found; p>0.05; n = 32).  
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Gender effect on dispersal  

Proportion of females among the first dispersive nematodes differed between the different 

cryptic species (Kruskal-Wallis, H= 11.27, P= 0.01), with consistently only females being 

the first dispersers in Pm I and Pm III. A more balanced ratio of dispersive females and males 

was found for Pm II and Pm IV (Fig. 4). 

 

 

Figure 4: Proportion of females among dispersive adult nematodes at first dispersal (mean ± 

SE) for the four cryptic species of L. ñmarinaò in the B treatment (letters indicate significant 

differences; p < 0.05 ; n = 16). Note that an error bar is missing for Pm I and Pm III because 

in all replicates one female was the first disperser.  
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Discussion  

To date, there is only limited evidence for differential dispersal in meiofauna at the level of 

species (Wetzel, et al., 2002; Ullberg & Olafsson, 2003; Boeckner, et al., 2009; Thomas & 

Lana, 2011), particularly with respect to active dispersal. Three important characteristics 

explaining differential dispersal rates in benthic nematode assemblages are size (Gallucci, et 

al., 2008), life history (Zhou, 2001; Gallucci, et al., 2008) and vertical position inside the 

sediment (Schratzberger, et al., 2004). In addition, even closely related nematode species 

may differentially disperse towards different food patches (Moens, et al., 1999; Höckelmann, 

et al., 2004). 

Species-specific dispersal abilities exist within the cryptic species complex 

In our experiment, active dispersal occurred in all four cryptic species of L. ñmarinaò in less 

than two weeks, and significant differences between the species were observed. Pm I was 

the slowest disperser, taking almost one week longer to disperse than Pm III, the fastest 

disperser. It is unlikely that any of the above mentioned factors can explain the observed 

differences in time until dispersal in our study. Size differences between the cryptic species 

are limited (Fonseca, et al., 2008). The little information available on life history differences 

between these cryptic species (increased population growth for Pm III and Pm IV at a salinity 

of 15 (De Meester, et al., 2011; chapter II)), suggests that such differences are rather subtle, 

and do not clearly correlate with the dispersal differences observed here. Moreover, L. 

ñmarinaò is not a true infaunal species but rather frequents patches of decomposing algae 

or biofilms on living algae, rendering a direct link between position in the substratum and 

dispersal unlikely. Finally, the food conditions were the same for all four species in the 

present experiments. The different dispersal ability of Pm I may, however, be related to 

species-specific attraction to food sources. In a preliminary experiment on the migration of 

these four cryptic species towards different bacterial strains, Pm I was the only species which 

readily moved towards E. coli (Derycke, unpublished data). This is surprising given the fact 

that lab cultures of all four species are easily maintained on E. coli, but these results could 

explain why Pm I dispersed sooner in the D treatment compared with the B and I treatments 

(Fig. 2a). At the same time, if Pm I has a stronger preference for E. coli as food than the 

other cryptic species, then this might also explain why Pm I generally dispersed later than 

the other species in the B and I treatments, but it does not explain why dispersal was equally 

fast when no food was available in both plates and thus no food trigger was present (N 

treatment) as in the D treatment. In the N and D treatment, time of first dispersal was no 
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longer species-specific and occurred around the fourth day in all species, probably to avoid 

the suboptimal conditions of the inoculation plate (no food). This shows that Pm I is able to 

disperse faster under certain food conditions and time until dispersal is not merely the result 

of behavioural differences in activity or motility between different cryptic species. 

Nematodes were also able to survive and even reproduce in plates without food, probably 

because they survive temporarily on energy reserves and nematodes, even after washing, 

still carry some bacteria from the stock cultures on their cuticles and thus spread some food 

even in treatments where none had been inoculated (N treatment).   

Importance of density-dependent dispersal 

For Pm I and Pm IV organisms disperse when densities become too high, regardless the 

conditions elsewhere: no differences in time until dispersal were found between the I and B 

treatment. These densities are comparable with maximal densities at the same food 

availability found in dos Santos, et al. (2008). At the time of their dispersal, inoculation 

plates had already reached higher population densities as in the D and N treatments, and 

intraspecific interactions may be increased. Organisms will disperse to avoid crowding, even 

though food is still available, in agreement with results on C. elegans (Harvey, 2009; 

Srinivasan, et al., 2012). In contrast with the clear density dependent effect in Pm I and Pm 

IV, Pm III dispersed before the fifth day in the B, I and D treatment, i.e. well before the first 

offspring generated in the inoculation plates became adult and density dependence could 

have become important. Pm II dispersed in all food treatments at a lower population density 

in the inoculation plate compared with the other species (but at the same time as Pm III and 

Pm IV). This can be the consequence of higher intraspecific competition in this species. The 

effect of food quantity was not tested in this experiment, but we can expect that lower food 

availability in the inoculation plates will result in more severe intraspecific competition 

behaviour. Previous results already showed an inverse relationship between food 

availabilities and dispersal rates in a variety of invertebrates and vertebrates (Kuussaari, et 

al., 1996; Lurz, et al., 1997; Oro, et al., 2004; Harvey, 2009).  

Salinity influenced time of dispersal 

Besides the species-specific effect of food distribution on dispersal, salinity also had an 

effect on dispersal, with a generally more rapid dispersal at the lower salinity for all four 

cryptic species. Despite this, no significant differences were found between the two salinities 

within individual species, even though the average in time until dispersal over the four 

cryptic species was 2.4 ± 1.0 days longer at the higher salinity. We had anticipated such a 
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response for Pm III and Pm IV, because monospecific cultures of both species had higher 

growth rates at the lower salinity (De Meester, et al., 2011; chapter II), so intraspecific 

competition could be expected to show up sooner at the lower salinity. However, both 

species showed significantly lower total densities in the inoculation plate at the time of 

dispersal at the lower salinity, demonstrating that the effect of salinity does not simply mirror 

density-dependence. We suggest that the salinity effect on dispersal may be a consequence 

of a different energy allocation at different salinities (Mole & Zera, 1993; Langellotto, et al., 

2000; Zera & Harshman, 2001; Hughes, et al., 2003). When comparing total nematode 

densities of the present experiment with the results of a previous experiment without 

dispersal (De Meester, et al., 2011; chapter II), we see that Pm III reached higher total 

abundances at the lower salinity in cultures where no dispersal was possible compared with 

the present experiment in which dispersal was possible (resp. 132.8 ± 44.8 and 4.3 ± 2.6 

nematodes at the time of dispersal, Kruskal-Wallis test, H= 10.59, P= 0.014; Fig. 5). These 

results should be interpreted with caution because both experiments were not performed 

simultaneously, but total population densities obtained in both experiments were 

comparable. These results support the energy allocation hypothesis: if organisms have the 

chance to disperse, they will spread their energy first over dispersal, and postpone 

reproduction until they arrive at the new plate, which is indicated by the rapid growth in the 

dispersal plate (around day 6 the population abundance in the dispersal plate was higher than 

in the inoculation plate in all 4 replicates; personal observation). These differences were not 

found at a salinity of 25, where Pm III showed comparable total densities in plates with and 

without dispersal opportunities (resp. 52.0 ± 16.9 and 10.5 ± 8.2 nematodes at the time of 

dispersal, ANOVA between two treatments, F1,7=4.86, P= 0.07; Fig. 5). However, Pm III 

showed a higher juvenile density in the inoculation plate in the I treatment compared with 

the B treatment, which could be explained by the absence of a food trigger in the dispersal 

plate in the first treatment, leading to more investment of energy in reproduction than in 

dispersal. For Pm IV no differences were found between densities in plates with and without 

dispersal opportunities at lower salinity (F1,6 = 0.07, P = 0.95; Fig. 5), so no differences in 

energy allocation were found for this species. The higher density in plates with dispersal 

opportunities at the salinity of 25 compared with the salinity of 15 could be due to differences 

in time until first dispersal, which was on average 2 days shorter at a salinity of 15 than of 

25, although not significantly different from time until dispersal at the lower salinity (6.3 ± 

0.9 days). These differences in densities were completely due to the number of juveniles 

(F1,6 = 35.06 , P= 0.0010), which could point out that at the higher salinity the second 
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generation already started to reproduce in contrast with the population dynamics at the lower 

salinity. The increased population growth at a salinity of 15 in cultures without dispersal 

opportunities (De Meester, et al., 2011; chapter II) had no effect on the dispersal ability of 

the species and dispersal occurred at both salinities at a time when no differences in total 

densities between the two salinities were found (Fig. 5).  

 

 

Figure 5: Average total number of organisms in the inoculation plate (mean ± SE) at time of 

first effective dispersal in plates with dispersal opportunities at two different salinities 

(B15:salinity of 15 ; B25: salinity of 25) compared with total number of organisms at the 

same time in plates without dispersal opportunities at the same two salinities (M15 and M25, 

data from De Meester, et al., 2011 (chapter II)) in four cryptic species of L. ñmarinaò (letters 

above bars indicate significant differences; p<0.05; n = 16). 
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Species-specific differences in number and gender of the dispersive organisms 

The number and gender of dispersive organisms also differed between the cryptic species. 

The salinity experiment showed that number of adults in the dispersal plate differed between 

Pm II and Pm III. Moreover, Pm IV followed the same trend as Pm II, and Pm I as Pm III. 

This trend was also found in the food distribution experiment. Pm I and Pm III had mostly 

only one or two dispersive individuals at the time of first dispersal and these were always 

females. In the days after the first dispersal event, males also arrived in the dispersal plate, 

invalidating the possibility of sex-biased dispersal in these species. The fact that in Pm I and 

Pm III the first dispersers were always females could theoretically be a consequence of 

female dominance in the populations. Preliminary results showed that for Pm III populations 

a biased male:female ratio exists (72.1 ± 11 % females), which could partly explain why 

females were the first dispersers, even though this sex ratio should not result in 100% of the 

first dispersers being females. Moreover, the male:female ratio is more balanced in 

populations of Pm I (53.8 ± 6.1 % females), so the fact that females were always the first 

dispersers clearly reflects sex-biased dispersal. This could result from fitness differences 

between males and females (Perrin & Goudet, 2001). Indirect support for this hypothesis 

comes from the observation that females of Pm I tend to have somewhat shorter development 

times than males (Moens & Vincx, 2000b; dos Santos, et al., 2008).The dispersal in the next 

days could then be triggered by the first dispersers, which leave mucus tracks on which 

bacteria can easily grow (Moens, et al., 2005), resulting in a food ótrailô towards the new 

patch. Pm II and Pm IV dispersed in most of the treatments with a higher number of 

organisms, with an almost perfectly balanced (1:1) ratio males:females. Here, it is more 

likely that individual rather than gender-specific differences in fitness (Clobert, et al., 2009) 

lead to specific dispersal abilities. Another possibility is that the species react differently to 

environmental cues or cues produced by conspecifics (Srinivasan, et al., 2012). When no 

food was available in both plates (N treatment), Pm IV dispersed with significantly fewer 

organisms compared with the D treatment, possibly the result of the absence of a food 

trigger. No such differences between food treatments nor between salinity treatments were, 

however, found in the other species, suggesting that the effects of environment on dispersal 

depend on the species.  
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Highly efficient active dispersal within the cryptic species complex 

All four cryptic species showed highly efficient dispersal, the proportion of successful 

dispersal events exceeding 95% in all four cryptic species and under all experimental 

conditions (Kruskal-Wallis test for food, salinity and species: all P>0.66). The high dispersal 

rates observed here indicate that dispersal over short distances (10 cm) may be common in 

natural environments too. In natural environments dispersal will happen in a landscape 

mosaic (Wiens, 2001) and not just from one location to the other as in this experiment. 

Organisms will thus be able to move from and to different patches in search of better spots. 

This can lead to dispersal over larger distances. The fact that organisms only start to disperse 

after a few days instead of a few hours, can indicate that dispersal comes at a cost. Costs for 

active dispersal are mostly considered to be loss of reserves due to increased locomotory 

activity (Bonte, et al., 2011). Although these costs are expected to be small (only a few % of 

the total metabolic costs) , time and risk (for instance an increased predator-prey encounter 

probability by leaving more protected structures (such as floating bladders) to disperse) costs 

(Moens, et al., 2000) should also be taken into account. That dispersal goes with a cost is 

shown in the N treatment for Pm III, where the dispersal plate of one of the replicates went 

extinct. Moreover, time until dispersal was somewhat slower, which could be the result of 

the absence of food and thus energy resources. This trend was not seen in the other species. 

Dispersal can be a selective advantage when the fitness benefits of dispersal exceed the costs 

of movement (Bowler & Benton, 2005). When local conditions become less favourable (e.g. 

food depletion, higher intraspecific competition, etc.), dispersal will be beneficial.  

Differential dispersal abilities can help explain temporary coexistence 

Our study demonstrates that differences in time until dispersal between very closely related 

nematode species exist. Dispersal is in most cases density-dependent. However, Pm III had 

a shorter dispersal time compared with Pm I, and dispersed well before high densities were 

reached in the inoculation plate. Moreover, food distribution and salinity can alter the timing 

of dispersal in cryptic species of L. ñmarinaò. This response is species- and condition-

specific. If active dispersal is common in natural environments, patches where species go 

extinct, can easily become colonised again (Derycke, et al., 2007b), which can contribute to 

the resilience of populations (Harrison, 1979). The typical habitat of L. ñmarinaò consists 

of ephemeral patches of macroalgal wrack washed ashore, and local populations are hence 

subject to pronounced colonization-extinction dynamics (Derycke, et al., 2007b). The 

species-specific differences in dispersal strategy can have important consequences for 
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metapopulation and metacommunity dynamics, genetic diversity and species composition in 

newly establishing populations and assemblages and can facilitate coexistence. If, for 

instance, priority effects - where the first arriving species will have an advantage over the 

following species - occur (Boileau, et al., 1992; Derycke, et al., 2007b), competitively 

inferior species may be able to coexist with more competitively superior species. Clear 

priority effects within a single cryptic species of L. ñmarinaò (Pm I) have been demonstrated 

in a field experiment, impacting the genetic structure and diversity of local populations 

(Derycke, et al., 2007b). However, we are unaware of any studies demonstrating priority 

effects between different nematode species. The active dispersal observed here over small 

distances may affect dispersal at larger scales, since it may facilitate passive dispersal as 

well. The differences in dispersal can also affect the response of cryptic species to 

competition and can help explain temporary coexistence between cryptic species. For 

instance, weaker competitors could be expected to disperse sooner. From the mixed-species 

experiment by De Meester, et al. (2011; chapter II), however, Pm I and Pm III proved to be 

the stronger competitors and Pm II and Pm IV the weaker ones, so both the slowest and 

fastest disperser in our current experiments appear to be strong competitors. For testing this 

hypothesis, more information about the interaction between dispersal and other biological 

factors (e.g. competition) is necessary to better understand this coexistence. In a future 

experiment, microcosms with dispersal opportunities, in which all four cryptic species are 

placed together, will be started up to record differences in time until dispersal between the 

cryptic species when competition between the different species is present.   
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Abstract 

Competition is one of the main drivers of dispersal, which can be an important mechanism 

to achieve permanent or temporal coexistence of multiple species. This coexistence can be 

achieved by a competition-colonization trade-off, spatial storage or neutral dynamics. Here 

we test the effect of inter- and intraspecific competition on dispersal of four species of the 

marine nematode species complex Litoditis ñmarinaò. A previous study in closed 

microcosms without a possibility for dispersal had demonstrated pronounced interspecific 

competition, leading to the exclusion of one species. We now investigated whether (a) the 

dispersal is affected by interspecific interactions, by intraspecific competition (density) or 

by food availability, (b) the dispersal dynamics influence assemblage composition and can 

lead to co-occurrence of the species, and (c) the abiotic environment (here salinity) can affect 

these dynamics. We show that density is the main driver for dispersal in two of the four 

species. Dispersal of a third species always started at the same time irrespective of density, 

whereas in the fourth species interspecific interactions accelerated dispersal. Remarkably, 

this fourth species was not a strong competitor, suggesting that a competition-colonization 

trade-off does not explain the observed coexistence. Salinity did not alter the timing of 

dispersal when interspecific interactions were present but did affect assemblage 

composition, with higher abundances of Pm III at the lower salinity compared with the 

higher salinity. Consequently, spatial storage may influence coexistence. All four species 

co-occurred in fairly stable abundances throughout the present experiment indicating the 

importance of species-specific dispersal strategies for coexistence. Co-occurrence can be 

facilitated because competition is postponed or avoided by dispersal. The neutral dynamics 

paradigm may also help to explain coexistence, as intra- and interspecific competition were 

of similar importance in three of the four species. We conclude that dispersal is a driver of 

the coexistence of closely related nematode species, and that population density and 

interspecific interactions shape these dynamics.    
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Introduction  

Dispersal, the movement away from the natal habitat, plays an important role in the 

dynamics and evolution of spatially structured populations (Ronce, 2007). Both intraspecific 

and interspecific competition are among the main processes shaping the evolution of 

dispersal, mostly through density-dependence, as interactions become stronger when density 

increases (Lambin, et al., 2001). According to classical competition theory, interspecific 

competition also increases with relatedness between species, rendering coexistence of 

closely related species unlikely (e.g. Violle, et al., 2011). Permanent coexistence of closely 

related species may exist if intraspecific competition is equal to or higher than interspecific 

competition, which can be the case if the different species are locally adapted to different 

resources (niche theory; Chesson, 2000a), or if neutral dynamics play a role. For identical 

competitors extinction-coexistence dynamics will be slow and random and dispersal may 

allow coexistence of highly similar species through neutral dynamics (Leibold & McPeek, 

2006; Leibold, 2008). If interspecific competition is higher than intraspecific competition, 

dispersal can also be important to avoid competition (Waser, 1985). Dispersal can facilitate 

coexistence by allowing to build up population levels in favourable areas in which competing 

species will be spatially or temporarily segregated to some degree and only a temporary form 

of coexistence remains (Snyder & Chesson, 2003). We define such a temporary form of 

coexistence as co-occurrence (Leibold & McPeek, 2006).   

Cryptic species are species that are morphologically indistinguishable, but show genetic 

differences. This cryptic diversity is important in terms of biodiversity estimates and 

ecosystem functioning (Zhang, et al., 2004; Bickford, et al., 2007). Several studies have 

shown that cryptic species co-occur at small geographical scales (Zhang, et al., 2004; 

Derycke, et al., 2006), which seems at odds with classical competition theory.  The 

underlying mechanisms of this co-occurrence ï and whether it is temporary (co-occurrence) 

or permanent (coexistence) ï remain unknown.  

Nematodes are the most abundant (densities between 105 ï 108 individuals m-2) and species-

rich meiofaunal group in marine sediments (Lambshead & Boucher, 2003). They may 

stimulate bacterial growth in microbial biofilm formation (Hubas, et al., 2010) and 

decomposition processes (Freckman, 1988), with closely related species sometimes 

exhibiting differential effects on bacterial growth, activity and diversity (De Mesel, et al., 

2006; Hubas, et al., 2010). Moreover, these closely related species may also affect each 

otherôs population development (De Mesel, et al., 2006). Such local interactions, including 



 DISPERSAL, ITS DRIVERS AND ITS IMPACT ON COMPETITION 

217 

competition and facilitation, are likely to strongly influence nematode assemblage structure. 

However, such interactions have hitherto only been studied in óhomogeneousô microcosms, 

thereby ignoring the role of dispersal, which can lead to temporary forms of coexistence 

(Palmer, et al., 1996). In addition, the effect of intraspecific competition ï i.e. competition 

for resources (e.g. food, mates and space) within a species ï on the population dynamics and 

dispersal abilities of nematodes is also largely unknown.  

Cryptic diversity is common in coastal nematodes (Derycke, et al., 2013). The best studied 

model óspeciesô in this context is Litoditis ñmarinaò (henceforth referred to as L. ñmarinaò, 

formerly known as Rhabditis marina or Pellioditis marina), which is mostly found 

associated with decomposing macroalgae. At least ten species can be found in this nematode 

morphospecies complex. These species seemingly lack distinctive morphological 

differences, but show consistent molecular divergences at nuclear and mitochondrial loci 

(COI, ITS, D2D3) (Fonseca, et al., 2008). Four of these species (Pm I, Pm II, Pm III and Pm 

IV) frequently co-occur  in the littoral zone of the south-western coast and estuaries of The 

Netherlands (Derycke, et al., 2006; 2008b). Crossbreeding between the two most closely-

related cryptic species (Pm I and Pm IV) does not occur (Fonseca, et al., 2008). 

Information about niche differentiation among cryptic species of L. ñmarinaò is still largely 

lacking. However, recent reports of differential population responses to temperature (De 

Meester, et al., 2015a; chapter III) and of differential resource utilization (Derycke, et al., 

2016; chapter V) suggest at least some degree of niche differentiation. Moreover, the 

outcome of interspecific interactions between these cryptic species depended on salinity (De 

Meester, et al., 2011; chapter II), one of the key fluctuating factors in estuarine and coastal 

habitats. These interspecific interactions encompass competition and facilitation (De 

Meester, et al., 2011; chapter II). In closed, homogeneous microcosms, Pm I and Pm III were 

competitively superior and completely (Pm IV) or nearly (Pm II) excluded the other two 

species within ca. 8 generations. However, the experimental setup in De Meester, et al. 

(2011; chapter II) did not allow dispersal. Nematode dispersal is generally considered to be 

mostly passive (Palmer & Gust, 1985), but active dispersal over short distances also occurs 

(Ullberg & Ólafsson, 2003; Schratzberger, et al., 2004), and may facilitate active emergence 

from the sediment and in this way increase the chance of passive dispersal events over longer 

distances (Palmer, 1988). Differential active dispersal between the four cryptic species of L. 

ñmarinaò has been demonstrated in a lab experiment (De Meester, et al., 2012; chapter VI): 

Pm III dispersed fastest while Pm I was the slowest disperser (Table 1). Salinity had an 
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influence on these dispersal abilities, with a generally faster dispersal at a lower salinity (15 

compared to 25). Nematode density also affected the timing of dispersal, indicating that 

intraspecific competition can play a role in the dispersal behaviour. However, the effect of 

interspecific competition on dispersal in these cryptic nematode species has not been studied.  

The purpose of this experiment was to assess whether (a) interspecific interactions, 

intraspecific competition and/or the effect of food availability are important triggers for 

dispersal in these nematode species, whether (b) dispersal will influence the assemblage 

composition in the inoculation and dispersal plates, and whether (c) external factors (here 

salinity) can shape population dynamics and affect the timing of dispersal. 

Regional coexistence between the species can be achieved by competition-dispersal trade-

offs, spatial storage (cfr. niche theory) or neutral dynamics (Amarasekare, 2003). If there is 

a trade-off between competition and dispersal, good dispersers will disperse before 

competition becomes too strong (McPeek & Holt, 1992). For the first purpose, we therefore 

expected that the weaker competitors (i.e. Pm II and/or Pm IV, see Table 1) will be the first 

dispersers (Cadotte, 2007). In addition, density-dependent dispersal exists in Pm I and Pm 

IV (De Meester, et al., 2012; chapter VI), so we expected intraspecific competition to be an 

important cause of dispersal in these two species. If interspecific and intraspecific 

competition are equally important, we can expect that differences between the species are 

minimal and neutral dynamics play an important role. The effect of food availability as a 

driver of dispersal in nematodes is still largely unknown. In a previous monospecific 

dispersal experiment (De Meester, et al., 2012; chapter VI) the absence of food caused faster 

dispersal, so we can expect that lower food availability per capita leads to faster dispersal. 

For the second purpose, we expected that dispersal would at least partly alleviate 

interspecific competition, thus facilitating co-occurrence. For the third purpose, more and 

faster dispersal and more differences in population dynamics between the species are 

expected at a lower salinity, due to the faster dispersal of all species (De Meester, et al., 

2012; chapter VI) and the stronger competition observed at lower salinity (De Meester, et 

al., 2011; chapter II). Differential responses of the species to abiotic conditions could 

indicate spatial storage leading to coexistence. 
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Table 1: Overview of the most important differences in effects of salinity, competition and 

dispersal between the different cryptic species of Litoditis ñmarinaò: A) data from De 

Meester, et al. (2011 (chapter II), 2012 (chapter VI)), B) data from De Meester, et al. (2011; 

chapter II) and the present experiment and C) conclusions of the present experiment. 

    Pm I Pm II Pm III Pm IV 

A) Without 
interspecific 
interactions 

Effect of salinity on 
population abundance  
(without dispersal) 

No No Yes Yes 

Dispersal ability Low  Moderate  
Moderate- 
High  

Moderate  

B) With 
interspecific 
interactions 

Competitive abilities without 
dispersal 

Superior Inferior Superior Inferior 

Dispersal ability Moderate  Moderate  Moderate  Moderate  

  
Main driver of dispersal (C) 

Interspec. 
Comp. 

Time-
dependent 

Density-
dependent  

Density-
dependent    
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Material & Methods  

Nematode cultures 

Nematodes for our experiments were harvested from monospecific stock cultures in 

exponential growth phase. Monospecific cultures of the four different cryptic species were 

raised from a single gravid female per species and maintained on sloppy (1%) nutrient:bacto 

agar media (temperature of 20°C; salinity of 25) with unidentified bacteria from their habitat 

as food (Moens & Vincx, 1998).  

Interspecific competition treatment (IC) 

To study the effect of interspecific competition on the time until dispersal, the consequences 

of dispersal on the assemblage dynamics and the effect of salinity on both specially designed 

dispersal plates were used. These consisted of two Petri dishes (resp. óinoculationô and 

ódispersalô plate, 5 cm inner diameter) connected by a tube (1 cm inner diameter and 10 cm 

length) (De Meester, et al., 2012; chapter VI). Bacto agar medium (1.5%, 60 mL, prepared 

with artificial seawater was provided as a substratum (De Meester, et al., 2012; chapter VI). 

All plates contained agar with a salinity of 15 or 25 (i.e. two salinity treatments). The pH of 

the agar medium was buffered at 7.5 ï 8 with TRIS-HCl in a final concentration of 5mM. 

Cholesterol (100 µL L-1) was added as a source of sterols. Food consisted of frozen-and-

thawed Escherichia coli (strain K12, 200 µL of a suspension with a density of 3x109 dead 

cells mL-1 (dos Santos, et al., 2008)) and was added every eighth day to both plates. No food 

was ever added to the connection tube.  

An artificial assemblage composed of equal abundances of the four cryptic species was 

placed at the inoculation plate, and both the species identity of the first disperser and the 

assemblage composition of the inoculation and dispersal plates at different time moments 

were investigated at two different salinities (same salinities (15 and 25) as in De Meester, et 

al. 2011 (chapter II), 2012 (chapter VI)). The experiment was started by manually picking 

up five adult males and five adult females per species from the stock cultures and transferring 

them to the inoculation plate, yielding a total of 40 nematodes per inoculation plate. Before 

placing the organisms randomly in the inoculation plate, they were bathed in sterile artificial 

seawater (salinity of 25) for 2 h to remove most adhering bacteria.  

Five independent sets of dispersal plates were made. The first set was used for measuring 

time until first dispersal, the others for analysis of assemblage dynamics at four moments in 

time, i.e. 5, 10, 15 and 20 days after inoculation. Every set consisted of four replicates each 
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for the two salinity treatments. All plates were incubated in the dark at a constant temperature 

of 20°C. 

A. Time until dispersal 

Dispersal abilities of the cryptic species were measured as time until the first dispersal event. 

The timing of the arrival of the first organism at the dispersal plate was recorded, as well as 

the life stage (adult or juvenile) and the number of adults and juveniles in the inoculation 

plate at time of dispersal, by checking the plates daily for dispersers. Organisms arriving at 

the dispersal plate were manually picked up for species identification using qPCR (see 

below). The experiment was ended on average two days after the first dispersal event, when 

too many eggs and juveniles were usually present on the dispersal plate and it became 

impossible to distinguish juveniles that had moved to the dispersal plate from those just 

hatched there. These results were compared with the results of the monospecific experiments 

(see below), to elucidate the effect of interspecific and intraspecific competition on the 

dispersal abilities of the species. 

B. Assemblage composition 

Assemblage dynamics were studied by counting adults and juveniles in both plates on a daily 

basis. Four dispersal plates per treatment and time (one set) were frozen at -20°C for species 

identification with qPCR analysis after each of the following incubation times: 5, 10, 15 and 

20 days.  

C. Identification of nematodes 

To measure the time until first dispersal, we identified the nematodes which had reached the 

dispersal plate using qPCR analysis. Nematodes were handpicked one by one and transferred 

to a 0.5 ml Eppendorf tube containing 20 ɛL lysis buffer (50 mM KCl, 10 mM Tris pH 8.3, 

2.5 mM MgCl2, 0.45 % NP 40, 0.45 % Tween20). Tubes were frozen at ï20 °C, after which 

1 µl of proteinase K (10 mg mlï1) was added. Lysis took place in an Eppendorf Mastercycler 

gradient PCR machine (65 °C for 1 h, 10 min at 95 °C) and was followed by centrifugation 

of the DNA samples for 1 min at 14000 rpm (Derycke, et al., 2012).  

Identifications of the cryptic species were performed with qPCR (Derycke, et al. 2012) using 

a Lightcycler 480 System (Roche). The qPCR mixture was prepared for a 10 µL reaction 

volume on 384-well plates using 5 µL SensiMix SYBR No-ROX One-Step (2x) solution 

(Bioline), 3 µL of each primer (species-specific primers were developed in the ribosomal 

internal transcribed spacer region (ITS) and were used in final concentrations of 1 µM for 
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Pm I and Pm III, 500 nM for Pm II and 200 nM for Pm IV (Derycke, et al. 2012)), 1 ɛL 

PCR-grade water and 1 ɛL of DNA template. The thermal cycling protocol consisted of an 

initial denaturation for 10 min at 95°C followed by 40 cycles of denaturation for 10 s at 

95°C, annealing for 20 s at 60°C, and extension for 20 s at 72°C.  

For the analysis of the assemblage composition contents of the inoculation and dispersal 

plates were frozen separately (- 20°C) and later melted in hot distilled water (70°C). After 

complete melting of the agar, it was sieved into two different size sections to separate adults 

from juveniles using sieves with mesh sizes of 125 µm and 32 µm. A 95 % separation of 

adults and juveniles is achieved by this method. Subsequently, DNA was prepared from 

either size fraction, using hexadecyltrimethylammonium-bromide (CTAB) (protocol as 

described in Derycke, et al. 2012). The amount of DNA was measured with a Nanodrop 

2000 (Isogen Life Science) and concentrations above 10ng µL-1 were diluted, because 

excessive concentrations of DNA can interfere with the quality of the qPCR (Derycke, et al. 

2012). The same protocol for qPCR as described above was used. Relative quantification 

was used for the assessment of the assemblage composition: differences in Ct values were 

calculated using the adjusted ȹȹCT method (Derycke, et al., 2012).  

Monospecific experiment (M-BF, M-HF and M-HD treatments) 

To elucidate the effects of inter- and intraspecific interactions and food availability on 

nematode dispersal, the results of the interspecific competition experiment (IC) were 

compared with those of three monospecific dispersal treatments. The ñmonospecific ï basal 

food conditionò treatment (M-BF) consisted of 10 organisms (five males and five females) 

of one species and 50 µL of 3x109 E. coli cells mL-1. In this treatment the total amount of 

food was 4 times lower than in the IC treatment, but the amount of food per inoculated 

organism was the same in both. This treatment was the same as in De Meester, et al. (2012; 

chapter VI). The ñmonospecific ï high food conditionò treatment (M-HF) also consisted of 

10 organisms of one species, but here 200 µL of 3x109 E. coli cells mL-1 was added, identical 

to the total amount of food offered in the IC treatment. In the ñmonospecific ï high densityò 

treatment (M-HD), 40 organisms of one species and 200 µL of 3x109 E. coli cells mL-1 were 

added.  Each of the three monospecific treatments was performed with each of the four 

cryptic species of L. ñmarinaò. In this way we were able to investigate (1) the relative 

importance of interspecific vs. intraspecific competition as drivers of dispersal (IC treatment 

compared with M-HD treatment), (2) the importance of food availability (M-BF compared 

with M-HF), and (3) the role of the inoculum density (M-HF compared with M-HD 
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treatment). All conditions were the same as in the interspecific competition experiment, but 

only the higher salinity (25) was used. Time until dispersal was measured in the same way 

as in the interspecific competition experiment. An overview of all these treatments is found 

in Table 2.  

Table 2: Set-up of the combination of the monospecific experiment and the interspecific 

interaction experiment: A) design of the different treatments with their codes and B) rationale 

and aims of the different treatment comparisons. 

A) M-BF (monospecific ς basic food): 10 nematodes, 1 species, 50µL food 

  M-HF (monospecific ς high food): 10 nematodes, 1 species, 200 µL food 

  M-HD (monospecific ς high density): 40 nematodes, 1 species, 200 µL food 

  IC (interspecific competition):             40 nematodes, 4 species, 200 µL food 

B) IC vs. M ς HD : Interspecific vs. intraspecific competition 

  M-BF vs. M-HF: Effect of food availability 

  M-HF vs. M-HD: Effect of inoculum density (density-dependence) 

 

Statistical analyses 

For the interspecific competition experiment, the effects of salinity and species identity on 

time until dispersal were investigated in PRIMER (Clarke & Gorley, 2006) using a 

Permutational Based Multivariate Analysis of Variance on the basis of Euclidean distance 

with 999 permutations (PERMANOVA (Anderson, 2001)), as data were not normally 

distributed, even after transformation. Differences in densities of adults and juveniles in the 

inoculation plate at time of first dispersal event (regardless which species dispersed first) 

between the salinities were tested with a one-way ANOVA in R (R Development Core Team, 

2008). For adult density a log-transformation was needed to normalise the data.  

PERMANOVA was also used to investigate the adult and juvenile assemblage composition 

of both dispersal and inoculation plates in the interspecific competition experiment. The 

relative contribution of every species was the dependent variable. Time (excluding the T0 

species composition), plate (inoculation or dispersal plate) and salinity (15 or 25) were the 

independent fixed factors. Significant terms and interactions were investigated using 

posterior pair wise comparisons within PERMANOVA. A SIMPER analysis was used to 
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identify which species primarily accounted for the observed differences. PERMDISP was 

performed to test the homogeneity of multivariate dispersions (distance to the centroid). Log-

transformation was performed for the adult assemblage composition to achieve this 

homogeneity.  

For the monospecific experiment, time until dispersal and adult and juvenile densities at time 

of first dispersal were compared between the different treatments (M-BF, M-HF, M-HD) 

and with the interspecific interactions experiment (IC). PERMANOVA (on the basis of 

Euclidean distance with 999 permutations) was used to investigate the effect of species and 

treatment on time until dispersal, because data were not normally distributed. Two-way 

ANOVA in R was used for the adult and juvenile densities in the inoculation plate at first 

dispersal event (log-transformation for juvenile data). Pairwise PERMANOVA tests and 

Tukey Honest Significant Differences test were respectively conducted to investigate 

pairwise differences of the highest level significant factor(s). The results of these tests were 

used to answer our research questions (Table 2b). To investigate the effect of the treatments 

in more detail, one-way ANOVAs were used for each species separately. A Kruskal-Wallis 

test was used for the juvenile density at first dispersal event for Pm IV as a non-parametric 

alternative because the data did not fit the requirements for parametric tests, even after 

transformation.  
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Results 

Effect of inter- and intraspecific interactions on the dispersal of the L. ñmarinaò 

species 

All four cryptic species dispersed at the same time in the IC treatment, irrespective of salinity 

(Fig. 1, Table 3). However, when comparing the monospecific experiments with the 

interspecific competition experiment, species identity did significantly influence time until 

dispersal as well as adult and juvenile density at time of first dispersal (Table 4). Regardless 

treatment (M-BF, M-HF, M-HD or IC), Pm I was the slowest disperser and dispersed 2.9 ± 

1.9 days later than Pm IV. Higher overall adult densities of Pm III in the inoculation plate at 

time of first dispersal occurred compared with the other three species (78.3 ± 28.8 adults 

compared with 18.1  ± 3.3 (Pm I), 20.2  ± 10.0 (Pm II) and 7.9  ± 2.3 (Pm IV)). Moreover, 

considerably higher densities of juveniles of Pm III (413.3 ± 163.3) at first dispersal event 

were also found compared to Pm II and Pm IV (resp. 52.3 ± 6.5 and 43.7 ± 9.9) (data not 

shown).  

Table 3: Results of the two-way ANOVA of the interspecific competition experiment (IC 

treatment), independent factors: salinity (15 and 25) and species identity (Pm I, Pm II, Pm 

III or Pm IV) on time until dispersal. Level of confidence = 95 %. 

 

 Effect on time until dispersal Df F3,24 p 

Species identity 3 2.97 0.064 

Salinity 1 1.10 0.29 

Salinity*Species identity 3 1.55 0.26 
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Figure 1: Average time until first dispersal event (mean ± SE) for the four cryptic species of 

Litoditis ñmarinaò at two different salinity treatments (resp. 15 and 25) (n = 32) in the 

interspecific competition experiment. 

Time until dispersal was influenced by the treatments (M-BF, M-HF, M-HD or IC) with 

later dispersal of all species in the treatment with low inoculum density and high food 

availability (M-HF treatment) compared with the higher inoculum density and the same food 

availability (M-HD treatment) (resp. after 7.3 ± 0.6 days and 4.9 ± 1.2 days), but not 

significantly influencing the adult and juvenile densities at time of first dispersal (Table 4).  

Within-species analysis revealed more information on the effect of the treatments on time 

until dispersal and on adult and juvenile densities at the inoculation plate at time of first 

dispersal (Fig. 2). For Pm I, there was only an effect on time until dispersal (F3,12=4.86 , 

p=0.019), with Pm I nematodes dispersing after less than half the time in the presence of 

other species (IC) compared to dispersal in most of the monospecific treatments (p < 0.05 

for IC with M-BF and with M-HF) (Fig. 2). No significant differences were found between 

IC and M-HD (interspecific vs intraspecific competition), M-BF and M-HF (effect of food 

availability), or M-HF and M-HD (density-dependence). For Pm II, adult numbers at the 

inoculation plate at time of first dispersal were significantly higher in the M-HD treatment 

than in the three other treatments (F3,12=8.81, p=0.0023), showing that Pm II dispersed at 

higher adult densities when there were no other species present and when the inoculum 
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density was higher (Fig. 2). For Pm III, time until dispersal and adult and juvenile numbers 

at the inoculation plate were not influenced by the treatments (M-BF, M-HF, M-HD or IC) 

(F3,12, all p>0.05; Fig. 2).  Pm IV had a slower dispersal in the M-HF treatment compared to 

the M-HD and IC treatments, as also seen in the main effect above. Moreover, adult densities 

at time of first dispersal were significantly higher in the IC than in the M-BF treatment, but 

no difference between IC and M-HD, M-BF and M-HF and M-HF and M-HD occurred (Fig. 

2).  

Table 4: Results of the two-way ANOVA of the monospecific and interspecific interactions 

experiment (independent factors: treatment (M-BF, M-HF, M-HD or IC) and species identity 

(Pm I, Pm II, Pm III or Pm IV)) on time until dispersal, adult and juvenile density at time of 

first dispersal event. The p-values of the pair-wise differences can be found for each 

significant factor (results of Tukey Honest Significant Differences Test). Level of 

confidence = 95 %. 

  Df 
Time until 
dispersal 

Adult density Juvenile density 

    F P F P F P 

Species  3 4.31 0.013 4.57 0.01 6.94           < 0.0001 

    Pm I ς Pm II    0.16   0.99                      0.99 

    Pm I ς Pm III    0.21   0.031                      0.058 

    Pm I ς Pm IV    0.004   0.96                      0.99 

    Pm II ς Pm III    0.99   0.041                      0.036 

    Pm II ς Pm IV    0.48   0.94                      0.99 

    Pm III ς Pm IV    0.39   0.0087                      0.031 

Treatment  
(M-BF, M-HF, M-HD or IC) 

3 8.61 0.001 1.84 0.15 1.75            0.17 

    IC ς M-HD    0.53       

    M-BF ς M-HF    0.99       

    M-HF ς M -HD    0.048       

Species*Treatment 9 1.58 0.14 0.80 0.62 1.39           0.22 
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Figure 2: Effect of treatments (M-BF, M-HF, M-HD and IC) on (a) time until first dispersal, 

(b) number of adults and (c) number of juveniles of Litoditis ñmarinaò in the inoculation 

plate at time of first dispersal event (mean ± SE). For the IC treatment, numbers of adults 

and juveniles at time of first dispersal are regardless species identity and as a consequence 

these values are identical for all the species. Letters indicate pairwise significant differences 

within species (p<0.05, n=64). 



 DISPERSAL, ITS DRIVERS AND ITS IMPACT ON COMPETITION 

229 

Consequences of dispersal on assemblage dynamics 

All four cryptic species were present in both plates at days 5, 10, 15 and 20. At the end of 

the experiment (after 20 days), all species were still present in more or less the same relative 

abundances in both plates (Fig. 3). Both adult and juvenile assemblage compositions did not 

differ significantly between the different time moments or between the different plates 

(inoculation versus dispersal plate). Salinity did have an effect on the adult, but not on the 

juvenile assemblages (Fig. 3) (see below). No interaction effects between plates, salinity and 

time were found (Table 5). 

 

Figure 3: Relative abundances of adults (a) and juveniles (b) (average % ± SE) of the cryptic 

species complex of Litoditis ñmarinaò (IC experiment) at 20 days (end of the experiment) 

for the inoculation and dispersal plates at the two different salinities.  
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Table 5: Results of the PERMANOVA on the assemblage composition of adults and 

juveniles (independent factors: salinity (15 or 25), time (5, 10, 15 or 20 days) and plate 

(inoculation or dispersal plate). Level of confidence = 95 %. 

 

 

Effect of salinity on dispersal and competition 

In the interspecific competition experiment, no effect of salinity was found on time until 

dispersal (see Table 3). Total nematode density, covering all four cryptic species together, 

at time of first dispersal, differed between the salinities, with higher densities at lower 

salinity. This result was only significant for the adults (F1,6=0.42, p=0.040, Fig. 4), with more 

than twice the number of adults at time of first dispersal at the lower compared to the higher 

salinity.  

Differences in adult assemblage composition were observed between different salinities 

(Table 5), primarily due to Pm III (32.92%) having higher relative abundances at the lower 

salinity, compared with the higher salinity (Fig. 3),. No effects of salinity on the juvenile 

assemblage composition were found (Table 5).  

  

  Adults Juveniles 

 Df Pseudo-F P Pseudo-F P 

Salinity 1 3.53 0.009 0.57 0.64 

Time 3 1.13 0.34 1.21 0.29 

Plate 1 0.75 0.57 0.83 0.45 

Salinity*time  3 1.49 0.15 0.86 0.55 

Plate*time 3 1.70 0.073 0.70 0.75 

Salinity*plate 1 1.81 0.13 0.86 0.46 

Salinity*plate*time  3 1.47 0.13 0.58 0.82 
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Figure 4: Average numbers of adults and juveniles (mean ± SE) in the inoculation plate at 

time of first dispersal (regardless species identity) of  Litoditis ñmarinaò at two different 

salinity treatments (resp. 15 and 25) (* indicates significant pairwise differences; p < 0.05 ; 

n=8). 
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Discussion 

Dispersal may be an important mechanism to achieve co-occurrence of closely related and 

highly similar species through a temporary avoidance of high interspecific competition. The 

co-occurrence of closely related species in patchy environments despite competition can be 

explained by (1) competition-dispersal trade-offs, (2) spatial storage (cfr. niche theory) or 

(3) neutral theory (Amarasekare, 2003). Our results (combined with the results of De 

Meester, et al., 2011 (chapter II), 2012 (chapter VI)) show that at least two explanations 

(option 2 and 3) can apply to the Litoditis ñmarinaò cryptic species complex. An overview 

of the results can be found in Table 1.  

Intra - and interspecific interactions strongly affect dispersal in a species-specific way 

A generally faster dispersal was found in the treatments with a higher inoculum density of 

nematodes (M-HF differed from M-HD: results of the two-way ANOVA (tabel 4)). Density 

was the main driver of dispersal, regardless species, however, the adult and juvenile densities 

in the inoculation plate at time of first dispersal did not differ between the treatments, 

indicating that the faster dispersal in the treatments with larger inoculum size was mainly 

due to a faster population growth, as dispersal occurred at the same densities as in the 

treatment with lower inoculum density. Such a density-dependent dispersal suggests that 

organisms will only disperse when a certain density of nematodes is reached, and suggests 

that the cost of dispersal is relatively high and that individuals tend to remain in a patch until 

competition exceeds a certain threshold (Travis, et al., 1999).  

For Pm IV this density-dependent dispersal was confirmed in the one-way ANOVA within 

species: Pm IV dispersed faster at a higher inoculation density (M-HD) compared with the 

lower inoculum density (M-HF). Nevertheless, dispersal always occurred at the same 

nematode density, irrespective of the presence of competing species, which suggests the 

existence of a óthreshold densityô, i.e. a density at which interactions between organisms 

and/or species become too strong, and which triggers organisms to disperse. Competition for 

food will be unlikely because species did not disperse earlier at lower food conditions (M-

BF), so competition for space or other resources or interference competition can be the main 

triggers. Such a threshold density for dispersal has already been observed in a wide range of 

terrestrial organisms (e.g. Doncaster, et al., 1997; Travis, et al., 1999) and in some freshwater 

and marine invertebrates (Service & Bell, 1987; Commito, et al., 1995; Fonseca & Hart, 

1996). This result also implies that for Pm IV, interspecific and intraspecific interactions 

were equally important triggers of dispersal (Fig. 2; no differences found between M-HD 
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and IC treatment). This is surprising given that this species was competitively excluded by 

the other species in the absence of dispersal possibilities (De Meester, et al., 2011; chapter 

II ), so we expected that interspecific interactions would be an important trigger for dispersal. 

The result in the present experiment indicates that intraspecific competition may also be one 

of the drivers, next to interspecific competition, of the exclusion of this species in the 

competition experiment of De Meester, et al. (2011; chapter II). In general, caution is due 

when extrapolating our results to field conditions, since our lab experiments did not allow 

variations in food quality and abiotic conditions (others than salinity), which may have an 

important differential influence on interspecific and intraspecific interactions, as shown in 

plant experiments (Light, et al., 1983).  

Density-dependent dispersal also occurred in Pm III: dispersal in this species always 

occurred at the same time, but Pm III population abundances increased more slowly at a 

higher inoculum density; in this way, dispersal always occurred not only at the same time, 

but also at the same nematode density. This threshold density was higher for Pm III than for 

the other species, which may be one of the reasons why Pm III was dominant in a closed 

multispecies experiment (De Meester, et al., 2011; chapter II): competition (intra- and/or 

interspecific) for other species became too high when nematode densities increased, but for 

Pm III these densities where still low enough to allow further population growth. Support 

for the hypothesis of a higher threshold for dispersal in Pm III also comes from the 

observation that monospecific cultures of this species at 20°C and a salinity of 25 maintained 

a high growth rate for a longer period than cultures of the other species, resulting in maximal 

population densities that were five times higher than in the other species (De Meester, et al., 

2015a; chapter III).  

In contrast to Pm III and Pm IV, Pm I and Pm II did not show a clear density-dependent 

dispersal (non-significant results in within-species ANOVA for Pm I and Pm II). Pm II 

always dispersed at the same time, regardless treatment, but the density in the inoculation 

plate at first dispersal differed between the treatments, suggesting intraspecific competition 

not to be the prime trigger of dispersal. This result could indicate that the cost to disperse is 

lower for Pm II than for the other species. When considering all treatments, Pm I was the 

slowest disperser, in accordance with De Meester, et al. (2012; chapter VI). However, this 

species dispersed equally fast as the other species when interspecific interactions occurred 

(Fig. 1) suggesting that interspecific interactions accelerate the timing of dispersal in Pm I. 

This faster dispersal of Pm I is unlikely to be the result of a competition- colonization trade-
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off (Cadotte, 2007): better colonizers (better dispersers and higher reproductive output) 

would then be predicted to be poorer competitors and vice versa. However, Pm I is a strong 

competitor (De Meester, et al., 2011; chapter II) and was the slowest disperser in the 

monospecific experiment (De Meester, et al. 2012 (chapter VI) and the current experiment 

(the M-BF treatment is similar to the experiment of 2012 and no significant differences were 

found between these two experiments)), but it nevertheless dispersed faster when other 

species were present. This dispersal can indicate that the cost of dispersal is lower than the 

cost to compete (Waser, 1985; Gandon, 1999). Alternatively, the dispersal of Pm I could 

have been triggered by the first dispersers of another species, which leave mucus tracks on 

which bacteria can grow, resulting in a food ótrailô towards the new patch (Moens, et al., 

2005), thus facilitating dispersal. However, total densities (over all four species) in the 

inoculation plate at time of first dispersal were not significantly lower in the IC treatment 

than the Pm I densities in other treatments, suggesting density-dependence still plays a role. 

Hence, both intra- and interspecific competition may be important drivers of dispersal in Pm 

I.  

The present experiment also clearly shows that food availability is not a major driver of 

dispersal, which may be due to the small range in food availabilities used in our treatments. 

Larger differences in food availability have been shown to profoundly affect population 

growth rates of Pm I (dos Santos, et al., 2008) and could thus indirectly have an effect on 

dispersal. Other possible reasons to disperse at high population density are space limitation 

and/or interference competition (Hastings, 1980).   

Dispersal resulted in co-occurrence of the four cryptic species  

Our results show that dispersal can result in at least a temporary form of coexistence between 

closely related species (which has aslo been found in parasitoid invertebrates, Hassell, et al., 

1994). All species had comparable abundances, both in the inoculation and dispersal plates, 

from day 10 onwards, and no exclusion of species occurred during the whole duration of the 

experiment. In a previous experiment with the same starting densities but without dispersal 

opportunities (De Meester, et al., 2011; chapter II) and a duration of 35 days Pm IV 

completely disappeared from the adult population and Pm II went extinct at a salinity of 15 

but remained present at a salinity of 25, albeit in low abundances. Only data of adults were 

analysed in that experiment, so it is possible that juveniles remained present. In contrast, all 

species were able to persist as adults and juveniles throughout the present experiment, which 

could be partly due to the shorter duration of the present experiment (only 20 days, due to 
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the limited size of the dispersal plates). However, in the experiment by De Meester, et al. 

(2011; chapter II), exclusion of Pm IV at a salinity of 15 had already occurred after 15 days, 

and population abundance had also strongly dropped by that time at a salinity of 25. A 

PERMANOVA analysis on the time-averaged data of the adults from both experiments 

showed that the assemblage compositions differed between the inoculation and dispersal 

plates of the dispersal treatments on the one hand, and the plates without dispersal 

opportunities on the other (data from De Meester, et al. 2011; chapter II) (F2,23=4.11, 

p=0.004, Fig. 5). These results should be interpreted with caution because both experiments 

were not performed simultaneously or under the exact same conditions. Nevertheless, total 

population densities obtained in both experiments were comparable. Moreover, the densities 

at which dispersal occurred in the current experiment were comparable to the densities at 

which the effects of interspecific interactions became clear in the competition experiment 

(De Meester, et al., 2011; chapter II). In addition, monospecific cultures without dispersal 

reached similar maximum abundances (De Meester, et al., 2011; chapter II) as in the present 

experiment, leading to the conclusion that intraspecific competition was also present in this 

former experiment.  

Our results show that dispersal and competitive interactions (interspecific and intraspecific) 

influence each other. Escaping conspecifics or individuals of closely related species when 

densities become too high is a major potential benefit of dispersal (Van Valen, 1971). Co-

occurrence of the closely related species is facilitated by dispersal to patches with lower 

abundances because competition can be postponed or avoided (Hanski, 1999; Leibold, et al., 

2004). It is plausible that competition would have occurred had the experiment been 

maintained longer, and population abundances would have further increased on both 

inoculation and dispersal plates. In a natural environment with a patch-dynamic architecture, 

organisms can move to more suitable patches when interspecific or intraspecific interactions 

become too strong (Cohen & Levin, 1991), which is part of the metacommunity theory 

(Leibold, et al., 2004). In natural environments, abundances of the four cryptic species of L. 

ñmarinaò differ at a regional scale and between seasons (Derycke, et al., 2006). Dispersal 

can be one of the factors influencing the different compositions at different moments in time 

and leading to co-occurrence at local, and to coexistence at regional scales (Amarasekare, 

2003). The active dispersal observed here is likely more prominent at local scales, whereas 

passive dispersal, alone or in combination with active dispersal, is expected to predominate 

at larger scales (Ullberg & Ólafsson, 2003).  
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Figure 5: Time-averaged assemblage compositions (relative abundances of the four cryptic 

species of Litoditis ñmarinaò) in the current experiment (óinoculationô and ódispersalô for 

resp. both plates of the dispersal plate) and the experiment of De Meester, et al. (2011 

(chapter II), no dispersal treatment) at two different salinities (15 and 25) (n=24). 

 

Salinity did not alter time until dispersal  

Abiotic factors can affect the interactions between species and their dispersal abilities (e.g. 

Walters & Bell, 1986; Fournier & Boivin, 2000) and can thus play an important role in 

shaping communities. In this experiment, salinity had no effect on the time until dispersal in 

the interspecific interaction experiment, but dispersal occurred at lower adult densities 

(regardless species identity) at the higher salinity. The lack of a salinity effect is in contrast 

with our expectations: lower salinity shortened time until dispersal in monospecific 

experiments (De Meester, et al., 2012; chapter VI), and increased interspecific interactions 

(De Meester, et al., 2011; chapter II). Hence, we had expected faster dispersal at the lower 

salinity. When competition and salinity act in concert, interactive effects between them  can 

occur and may influence dispersal in unpredictable ways (Ims & Hjermann, 2001). Lower 
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salinity did not lead to stronger interactions between the species in this experiment; dispersal 

and competition probably influence each other more than salinity does. Our results suggest 

that there is a complex relationship between dispersal and biotic and abiotic factors, and a 

simple combined effect of these two factors on dispersal does not occur.  

Some differences in the assemblage composition between the salinities were also observed, 

with a higher relative abundance of Pm III adults at the lower salinity, which is in agreement 

with higher abundances of this species compared with the other species in monospecific 

cultures at the lower salinity (Table 1, De Meester, et al. 2011 (chapter II)).  

General conclusions 

The present results demonstrate that species-specific differences in density-dependent 

dispersal exist in the L. ñmarinaò cryptic species complex, as was also found in marine 

harpacticoid copepods (Service & Bell, 1987). Intraspecific competition was an important 

trigger for dispersal in at least two of the four cryptic nematode species (Pm III and Pm IV), 

while interspecific interactions were mainly important for Pm I. The effect of salinity on the 

co-occurrence-dispersal dynamics was less important. We also provide strong evidence that 

dispersal can be an important mechanism to achieve co-occurrence and perhaps coexistence. 

In a spatially homogeneous competitive environment (Amarasekare, 2003), we expect that 

(1) a colonization-competition trade-off ï in which the weaker competitors, Pm II and Pm 

IV, are the fastest dispersers (De Meester, et al., 2011; chapter II) ï is the main mechanism 

for coexistence. However, the current experiment shows that their dispersal abilities do not 

differ from those of the competitively stronger species, Pm I and Pm III. Moreover, Pm III, 

a strong competitor, showed a high reproductive output (De Meester, et al., 2015a; chapter 

III) and fast dispersal (De Meester, et al., 2012; chapter VI), so proved to be a good colonizer. 

Hence, a clear competition-colonization trade-off was not found in the L. ñmarinaò species 

complex. Moreover, competition outcomes differed with salinity (De Meester, et al., 2011; 

chapter II), indicating that a heterogeneous competitive environment is more realistic for the 

L. ñmarinaò species complex. In such an environment, (2) spatial storage may be the 

principal driver for regional coexistence. In a heterogeneous habitat, where patches vary 

spatially and temporally (i.e. decomposing patches of macroalgae for the L. ñmarinaò 

complex), differential dispersal strategies are likely to evolve among closely related species 

(McPeek & Holt, 1992) and coexistence can arise when species disperse before the natal 

sites turn unfavourable as a result of (over)crowding (Snyder & Chesson, 2003). More 

information on abiotic preferences and niche differences between the species is needed to 
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confirm the applicability of this hypothesis to the L. ñmarinaò species complex. In addition, 

(3) neutral dynamics may be important for the coexistence of the Litoditis species under our 

laboratory conditions as no differential effect was found between interspecific and 

intraspecific competition for three of the four cryptic species. In this case, metacommuntiy 

paradigms (regional coexistence) depend on the scales of dispersal and environmental 

heterogeneity (Snyder & Chesson, 2003). 
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Abstract 

Marine ecosystems are experiencing accelerating population and species loss. Some 

ecosystem functions are decreasing and there is growing interest in the link between 

biodiversity and ecosystem functioning. The role of cryptic (morphologically identical but 

genetically distinct) species in this biodiversityïecosystem functioning link is unclear and 

has not yet been formally tested. We tested if there is a differential effect of four cryptic 

species of the bacterivorous nematode Litoditis ñmarinaò on the decomposition process of 

macroalgae. Bacterivorous nematodes can stimulate or slow down bacterial activity as well 

as modify the bacterial assemblage composition. Moreover, we tested if interspecific 

interactions among the four cryptic species influence the decomposition process. A 

laboratory experiment with both mono- and multispecific nematode cultures was conducted, 

and loss of organic matter and the activity of two key extracellular enzymes for the 

degradation of phytodetritus were assessed. L. ñmarinaò will mainly influences qualitative 

aspects of the decomposition process rather than its overall rate: an effect of the nematodes 

on the enzymatic activities became manifest, although no clear nematode effect on bulk 

organic matter weight loss was found. We also demonstrated that species-specific effects on 

the decomposition process existed. Combining the four cryptic species resulted in high 

competition, with one dominant species (Pm I), but without complete exclusion of other 

species. Nevertheless, the effects on the decomposition process was different in these 

combined cultures compared with cultures where Pm I occurred alone. The interspecific 

interactions translated into different effects on the decomposition process. The species-

specific differences indicated that each cryptic species may play an important and distinct 

role in ecosystem functioning. Functional differences may result in coexistence among very 

similar species.  
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Introduction  

Marine benthic ecosystems provide a range of ecosystem services, such as the regulation of 

climate, nutrient budgets and primary productivity (Covich, et al., 2004; Solan, et al., 2004; 

Costanza, et al., 2007). Marine ecosystems are experiencing accelerating population and 

species loss (Solan, et al., 2004; Díaz, et al., 2006; Worm, et al., 2006), which has led to an 

increasing interest in the relationship between ecosystem services and species richness. 

Ecosystem functions such as resource gains, recovery potential and ecosystem stability have 

already been shown to decrease with declining species and/or genetic diversity (Loreau, et 

al., 2001; Worm, et al., 2006). The main importance of high biodiversity is that it provides 

insurance against functional impairment when some species go extinct due to, e.g., 

environmental stress (Yachi & Loreau, 1999). This is stated by the redundancy hypothesis: 

the role of many species can be easily taken over by other functionally similar species 

(Walker, 1992b; Lawton & Brown, 1994) without substantially altering ecosystem 

functioning; hence, a limited number of "key" species would be sufficient to maintain 

ecosystem functioning (Yachi & Loreau, 1999).  

The role of cryptic (i.e. morphologically identical but genetically distinct) species in the 

biodiversity-ecosystem functioning relationship is complicated to assess. In the past, cryptic 

species have often been considered as one species and their role has hitherto been neglected 

in biodiversityïecosystem functioning studies (Finlay, et al., 1997; Ettema, 1998; Loreau, et 

al., 2001; Cardinale, et al., 2002; Danovaro, et al., 2008). Despite their morphological 

similarity, many cryptic species show different ecological characteristics (Ortells, et al., 

2003; Gerhardt, 2005; De Meester, et al., 2015a (chapter III); Fiġer, et al., 2015) and, as a 

consequence, may display different ecological functions, at least at a local scale (Fiġer, et 

al., 2015). Moreover, the sympatric occurrence of many cryptic species (e.g. Pinto, et al., 

1986; Trewick, 1998; Mayer & Von Helversen, 2001; Ortells, et al., 2003; Zhang, et al., 

2004; Derycke, et al., 2006; Amato, et al., 2007; Wellborn & Cothran, 2007) indicates that 

differences among them may be more pronounced than presumed based on their 

morphological similarity. Coexistence requires at least some ecological differences among 

species, which may lead to differences in ecosystem functioning (Loreau, 2004) (but see 

Hubbell, 2001 for the neutral theory of coexistence). Nevertheless, no experimental studies 

have hitherto been conducted to test if differences in ecosystem functioning exist among 

cryptic species.  
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Cryptic species have been observed in several nematode genera (Sudhaus & Kiontke, 2007; 

Derycke, et al., 2013), but it remains unclear whether there are functional differences among 

them. Free-liv ing marine nematodes are commonly assigned to a limited number of feeding 

guilds (Moens & Vincx, 1997; Moens, et al., 2004). Species pertaining to one guild, as do 

cryptic species, are often assumed to be functionally redundant. Nevertheless, differences in 

(micro-)habitat preference, in resource use, and in impacts on microbial assemblages among 

species within a guild, a family, or even a genus cast doubts on the applicability of the 

concept of redundancy to the often species-rich nematode assemblages (Ettema, 1998; 

Wolters, 2001; De Mesel, et al., 2004; Vafeiadou, et al., 2014). 

Benthic ecosystems depend on the supply of organic material, most of which enters the 

sediments as polymeric organic compounds (Meyer-Reil, 1987). Through the production of 

extracellular enzymes bacteria convert polymeric compounds into smaller, assimilable 

molecules (Chróst, 1991). The enzymes Leucine-aminopeptidase and ɓ-glucosidase play key 

roles in this process (Danovaro, et al., 2002). Nematodes can stimulate or slow down 

bacterial activity (Findlay & Tenore, 1982; Alkemade, et al., 1992; 1993; Mamilov, et al., 

2000; De Mesel, et al., 2003; Urban-Malinga, et al., 2008) as well as affect bacterial 

assemblage composition (De Mesel, et al., 2004) and may thus play a key role in 

decomposition processes and nutrient regulation (Abrams & Mitchell, 1980; Yeates & 

Coleman, 1982; Freckman, 1988; Neher, 2001). Different nematode species belonging to the 

same functional group and even to the same family can have distinct influences on 

decomposition processes and can thus not be considered functionally redundant (De Mesel, 

et al., 2006).  

The cryptic species complex of the bacterivorous nematode Litoditis ñmarinaò (Sudhaus, 

2011) (formerly known as Rhabditis marina or Pellioditis marina) consists of at least ten 

cryptic species (Derycke, et al., 2008a). Four of these cryptic L. ñmarinaò species (Pm I, 

Pm II, Pm III and Pm IV) occur frequently in the littoral zone of the south-western coast and 

estuaries of The Netherlands (Derycke, et al., 2006; 2008b). Sympatric occurrence of two or 

more of these species on decomposing algae is in the rule rather than exception (Derycke et 

al., 2008b; Derycke et al., 2005). The cryptic species lack distinctive morphological 

differences, but show molecular divergences at both nuclear and mitochondrial loci (COI, 

ITS, D2D3); cross breeding between the two most closely related species (Pm I and Pm IV) 

has not been detected (Derycke, et al., 2008a; Fonseca, et al., 2008). Competitive interactions 

among the species are common, and abiotic conditions can change the outcome of these 
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interactions (De Meester, et al., 2011 (chapter II); 2015c). Moreover, there are other 

ecological differences among the species, such as differences in dispersal rates and different 

population responses to temperature and salinity conditions (De Meester, et al., 2011 

(chapter II); 2012 (chapter VI); 2015b (chapter VII)). Whether such differences have 

functional implications remains to be established.  

In the present study, we investigated the effect of cryptic species on the decomposition rate 

by assessing loss of organic matter and the activity of two key extracellular enzymes (ɓ-

glucosidase and Leucine-aminopeptidase) for the degradation of phytodetritus. In a 

microcosm experiment, we tested whether functional differences among cryptic species 

exist. The coexistence of many cryptic species led us to hypothesize that cryptic species 

would have different influences on microbial enzymatic activity and on organic-matter 

decomposition rate. Given that Pm III is genetically (Derycke, et al., 2008a; Grosemans, et 

al., 2016) and ecologically (De Meester, et al., 2012 (chapter VI); 2015a (chapter III)) more 

distinct from the other three species, we expected that functional differences would be most 

pronounced between Pm III and the other cryptic species. We also tested whether a 

combination of all four cryptic species of L. ñmarinaò would differentially affect the 

microbial activity and the decomposition rate of organic matter compared to single-species 

treatments. We expected high competition between the cryptic species (De Meester, et al., 

2011; chapter II) and that these interspecific interactions may result in species switching 

their type of food to avoid competition (Tilman 1976; Al -Naimi et al. 2005; Postma-Blaauw 

et al. 2005), influencing bacterial composition and as a consequence also the decomposition 

process.  
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Material & Methods   

Nematode cultures 

For the experiments, nematodes of Litoditis ñmarinaò (Fig. 1) were harvested from 

monospecific stock cultures in exponential growth phase. Monospecific cultures of four 

different cryptic species (Pm I, Pm II, Pm III and Pm IV) were raised from single gravid 

females obtained from the field (for Pm I, Pm II and Pm III: Paulina marsh, Westerschelde, 

The Netherlands; for Pm IV: Lake Grevelingen, The Netherlands) and maintained on sloppy 

(0.8%) nutrient:bacto agar media (temperature: 20°C; salinity: 25) with unidentified bacteria 

from their habitat as food (Moens & Vincx, 1998).  

 

Figure 1: Scanning-electron microscopy pictures of four cryptic species of Litoditis 

ñmarinaò. From left to right: females of Pm I, Pm II, Pm III and Pm IV. Upper row: the 

nematode head; lower row: a part of the tail, showing the shape of the tail tip (pictures 

provided by Derycke S.). 

Experimental setup  

To test the species-specific effect on decomposition, we compared four monospecific 

treatments (Pm I, Pm II, Pm III and Pm IV referred to with treatment codes M1, M2, M3 

and M4, respectively) using inoculations of 20 nematodes (12 females and 8 males) in closed 

microcosms (petri dishes with an inner diameter of 8.5 cm). To test the effect of cryptic 

biodiversity and interspecific interactions on decomposition, a combination treatment with 

all four cryptic species (coded All4) was included following a substitutive design (with 3 

females and 2 males per species, hence the same total number of nematodes as in the M 

treatments). A control (C) without nematodes was also included to assess to what extent the 

presence of nematodes affected decomposition rate. The microcosms consisted of sediment 
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with macro-algal thalli (Fucus sp.) that had been collected at the Paulina mudflat, 

Westerschelde Estuary (The Netherlands). The sediment was defaunated by first washing it 

over sieves of 1 mm and 38 µm and then drying it at 110°C for three days. Observation under 

a stereomicroscope, after five decantation steps, was used to confirm that no living 

nematodes were present in the defaunated sediment. Algae were submerged in artificial 

seawater (ASW, salinity of 20) for three days to allow initial leaching of nutrients 

(preliminary tests had shown excessive microbial growth on algal thalli that had not received 

this treatment), then carefully washed with tap water, and finally dried at 60°C for two days. 

Each microcosm consisted of the same amount of sediment (20 g dry weight) and algae (2 g 

dry weight). Four replicate microcosms were made for every treatment and for each of five 

time points (see below), resulting in a total of 120 microcosms (20 microcosms per treatment 

plus 20 controls). 

Microcosms were water saturated with 10 mL of ASW, and 250 µL of a bacterial inoculum 

was added. This bacterial inoculum consisted of a bacterial mixture from the different 

nematode stock cultures and from the field: for the latter, freshly collected algae were soaked 

in ASW for five days, and 50 mL of the resulting suspension was mixed with a small piece 

of agar from each nematode stock culture. The mixture was well shaken and filtered over a 

0.8 µm Millipore filter to remove fungi, flagellates, ciliates, nematodes. ASW was added to 

reach a final volume of 60 mL. The experiment was run over 25 days, which is the 

approximate time of at least five L. ñmarinaò generations. Sampling over a sufficiently long 

period ensures that the nematode population development can be linked to the decomposition 

process.  

Sampling procedure 

Every fifth day, one set of four experimental replicates and one control were processed for 

each treatment. First, algae were picked from the microcosms and were put in 25 mL of 

ASW in a Falcon tube and stirred gently. Subsequently, we also carefully rinsed the algae 

with tap water over a 32 µm sieve to collect the nematodes from the algae. Of the resulting 

suspension (35 mL, from the stirring and the rinsing step), two 1-mL samples were 

immediately stored at ï80°C for later enzymatic assays. The algae were dried at 60°C for 

two days, weighed, and the percentage of weight loss of organic matter was calculated. The 

water with the collected nematodes was sieved over a 32 µm sieve, and the nematodes were 

stored in DESS (Yoder, et al., 2006)  
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About 1 g of sediment was used for enzymatic analysis. The rest of the sediment was stored 

in DESS for later nematode counts and identifications. We conducted separate analyses of 

nematodes from algae and sediments, because nematodes may disperse to either substrate 

when they are subject to intra- or interspecific competition (De Meester, et al., 2015b; 

chapter VII). 

Nematode counts and identification 

Sediment samples in DESS were sieved over a 32 µm sieve and collected in tap water. Five 

decantation steps were performed to collect the nematodes. Three subsamples of 1 mL (out 

of 35 mL) were taken and juvenile and adult nematodes were counted under a 

stereomicroscope. The distinction between adults and juveniles is important because (1) 

competitively weaker species may largely disappear from the adult population but remain 

present as juveniles or dauer stages, and (2) the feeding behaviour between juveniles and 

adults may differ; thus leading to differential effects on decomposition. Total nematode 

abundances were calculated by multiplying the average of the three subsamples with the 

total volume of the sample. Because 1 g of sediment and 2 mL of algae were removed for 

enzymatic analysis before counting the nematodes, the total number of nematodes was 

recalculated to the original weight of the sediment (20 g) or volume of water (35 mL).  

To obtain a relative quantification of each cryptic species in the All4-treatment, we 

performed a quantitative real-time PCR analysis (qPCR) (De Meester, et al., 2015b; chapter 

VII ). DNA was prepared by adding hexadecyltrimethylammonium-bromide (CTAB) to the 

volume needed for ca. 100 nematodes. The concentration of DNA was measured with the 

Nanodrop 2000 (Isogen Life Science) and concentrations above 10ng µL-1 were diluted. 

Identifications of the cryptic species were performed using the Lightcycler 480 System and 

the SensiMix SYBR No-ROX Kit (Bioline). The qPCR mixture was prepared for a 10 µL 

reaction volume on 384-well plates using 5 µL SensiMix SYBR No-ROX One-Step (2x) 

solution, 1 ɛL PCR-grade water, 1 ɛL of DNA template and 3 ÕL of each primer. Species-

specific primers were developed in the ribosomal internal transcribed spacer region (ITS) 

and were used with final concentrations of 1 µM for Pm I and Pm III, 500 nM for Pm II and 

200 nM for Pm IV (protocol as described in Derycke, et al., 2012). The thermal cycling 

protocol consisted of an initial denaturation for 10 min at 95°C followed by 40 cycles of 

denaturation for 10 s at 95°C, annealing for 20 s at 60°C and extension for 20 s at 72°C. Two 

technical replicates per sample were conducted. For the assemblage composition differences 
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in Ct values were calculated using the adjusted ȹȹCT method (Livak & Schmittgen, 2001; 

Derycke, et al., 2012). 

Assessment of decomposition rate and enzymatic activity 

Nematode-free residuals of the sediment were collected per sample, dried at 60°C for two 

days and weighted, similar as for the algae (see above). Microbial exo-enzymatic activities 

(ɓ-glucosidase and Leucine-aminopeptidase) in sediment and on algae were measured with 

fluorescence following the protocol of Meyer-Reil (1987) and Danovaro, et al. (2002) . In 

short, 1 g wet weight of sediment or 1 mL of the algae suspension was transferred to a 15-

mL falcon tube to which 5 mL of ASW were added. Substrate stock solutions with increasing 

fluorogenic substrate concentrations were prepared in cellosolve by adding 150 µL of 4-

methylumbelliferyl-ɓ-D-glucoside and L-leucine-4-methylcoumarinil-7-amide-

hydrochloride (final concentration of 100 µM). These substrate stock solutions (10 µL) were 

added to the samples and were gently shaken. We used 100 µL of these samples for 

measuring the exo-enzymatic activities. Sample fluorescence was measured once for each 

sample for 0.1 s on a Victor3 Multilabel Reader (PerkinElmer) with the Umbelliferone 

program (excitation 355 nm/ emission 460 nm) immediately after substrate inoculation to 

assess the "background value". Afterwards, samples were incubated for one hour in the dark, 

centrifuged for 10 minutes at 2500 rpm and fluorescence was measured again. The 

background value was subtracted from fluorescence after 1h of incubation and enzymatic 

activity was standardized per unit dry weight of sediment or algae.  

Statistical analyses 

All analyses were conducted in R (R Development Core Team 2008). Different statistical 

models were built for the dependent variables nematode density and enzymatic activity, 

based on the data distribution and on the correlation between algae and sediment by use of 

package nlme. For weight loss and species composition, respectively ANOVA and 

PERMANOVAs (by use of package vegan) were conducted. An overview of all the final 

models can be found in Table 1.  
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Table 1: Overview of all statistical models/tests 

Test variables Statistical model/test 

Nematode density Weighted linear mixed model 

Weight loss ANOVA 

Enzyme activity General linear model 

Correlation between nematode density and weight 
loss/enzyme activity 

Spearman's rank correlations 

Species composition PERMANOVA 

 

Species effect on the decomposition process 

Whether species have differential effects on the decomposition process and whether a 

combination of species could alter this effect was tested by assessing weight loss of organic 

matter and enzymatic activity in mono- and multispecies treatments.  

A. Weight loss of organic matter 

The effect of time, treatment and their interaction on the percentage weight loss was 

tested with a two-way ANOVA. To meet the assumptions of normality and 

homoscedasticity, the data were log transformed. Pairwise comparisons were conducted 

with a post-hoc Tukey Honest Significant Differences (HSD) test on the significant terms 

and interactions.  

B. Enzymatic activity 

The effect of substrate (algae or sediment), time (day 5, 10, 15, 20 and 25) and treatment 

(Pm I, Pm II, Pm III, Pm IV and All4) on enzymatic activities was assessed separately 

for ɓ-glucosidase and Leucine-aminopeptidase by a general linear model (Table 2). To 

achieve randomly scattered residuals against the fitted values, the data were square root 

transformed. Different models were created: a general linear model, a random intercept 

model, the random intercept and slope model, and the random effects model (Zuur, et 

al., 2009). Akaike Information Criteria (AIC) (Akaike, 1981) were used to select the 

most appropriate model. No significant correlation of enzymatic activities on algae and 

in sediment was found; therefore the General Linear Model turned out to be the best 

model (Table 2). In a step-wise backward procedure, non-significant factors were 

removed from the model. Pairwise comparisons on the significant factors were done by 

dummy coding in the models (Suits, 1957), followed by a Bonferroni correction. 
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Effect of nematode densities on the decomposition process 

Numbers of nematodes may differ between the different treatments and any observed effect 

on the decomposition process may therefore be the result of different nematode densities 

rather than of species identity or species composition. Therefore, we first investigated the 

numbers of nematodes per treatment and over time, and analysed the correlations between 

these numbers and the decomposition process.  

A.  Nematode densities  

We used weighted linear mixed models to test for the effects of substrate (algae or 

sediment), time (day 5, 10, 15, 20 and 25) and treatment (Pm I, Pm II, Pm III, Pm IV and 

All4) on the number of adults and the number of juveniles, because the assumption for 

homogeneity of the residuals was not met. An exploration of the residuals showed that 

their spread differed per level of the different factors, so different models with different 

variance structures (for all main factors and all interactions) were created. Moreover, the 

number of nematodes (both juveniles and adults) on algae was significantly correlated 

with the number of nematodes in the sediments, so sample ID was included as a random 

factor in the models and different models with this random factor were created (random 

intercept model, the random intercept and slope model, and the random effects model 

(Zuur, et al., 2009)). AIC were used to select the most appropriate model, which, in this 

case, turned out to be a weighted linear mixed model with random intercept and the three-

way interaction defined as variance structure (Table 2). Pairwise comparisons were done 

by dummy coding followed by a Bonferroni correction. 

B. Correlations between enzymatic activity/weight loss and number of nematodes 

To test whether the number of nematodes was correlated with enzymatic activity and 

weight loss of organic matter, Spearmanôs rank correlations were calculated as normality 

of the data was not achieved, even after transformations. Correlations were tested for 

each treatment separately (Pm I, Pm II, Pm III, Pm IV and All4). Moreover, we added 

nematode density (after log-transformation) as covariate in the General Linear Model for 

enzymatic activity, to test if nematode density affect enzymatic activity.   
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Table 2: Overview of the final statistical models for nematode density and enzyme activity. 

 

Effect of interspecific interactions on species composition (All4 treatment) 

To test whether interspecific interactions had an effect on the species composition of the 

All4 treatment, a fictitious assemblage (F) per time moment and substrate was constructed 

by using the relative abundances of each species in the monospecific treatments (M1 + M2 

+ M3 + M4). As such, these fictitious assemblages reflect species composition without 

interspecific interactions. These were compared with the "real" assemblages of the All4 

treatment (R), where interspecific interactions were present, by the use of a PERMANOVA, 

conducted in R using the Adonis function (Vegan package) (Oksanen, et al., 2007). The 

independent fixed factors were substrate, time, and interspecific interaction treatment (no 

interaction (fictitious) vs. real assemblage (All4 treatment)). The analyses were performed 

on the adult and juvenile assemblage compositions separately. The interdependency of the 

assemblages on algae and sediment of one sample was taken into account in the test (by 

adding the sample ID as a random factor). A Bray-Curtis dissimilarity index was used and 

999 permutations were conducted. The assumption of homogeneity of group dispersions was 

investigated using the betadisper command. In this way we were able to test whether 

significant factors only influenced assemblage composition or also the variation among the 

different replicates. Significant terms and interactions were investigated using posterior pair-

wise comparisons with a Bonferroni correction. A SIMPER analysis in R was used to 

identify which species primarily accounted for the observed differences. Due to the 

Model 
made 
for 

Dependent 
variable 

Trans-
formation 
used 

Type of 
model 

Independent factors 
included in the model 

Random 
factor 

Weighted factor 

Density Number of adults None  Weighted 
Linear mixed 
model 

substrate, time, 
treatment and all 
interactions 

sample Substrate:treatment:
time 

       
Density Number of 

juveniles 
None  Weighted 

Linear mixed 
model 

substrate, time, 
treatment and all 
interactions 

sample Substrate:treatment:
time 

       
Enzyme Glucosidase 

activity 
Square root General 

linear model 
substrate, time, 
treatment and all 
interactions 

none none 

       
Enzyme Aminopeptidase 

activity 
Square root General 

linear model 
substrate, time, 
treatment, 
substrate:treatment, 
treatment:time 

none none 
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differences in start densities (80 nematodes for the fictitious populations and 20 for the real 

populations), no comparisons between total numbers of each nematode species in the real 

and fictitious assemblages were conducted. 

Results 

Species effect on the decomposition process 

A. Weight loss of organic matter  

There were significant differences in weight loss of organic matter among the different 

sampling times (F20,90 = 12.47, p=4.10e-8), with higher weight loss from day 10 onwards. 

There was, however, no difference in weight loss of organic matter among the different 

species (treatments), or between the treatments and the control group without nematodes 

(ANOVA, all p> 0.05 (Appendix 1)).  

B. Enzymatic activity 

ɓ-glucosidase activity was significantly different between treatments and substrates, and all 

interaction terms were significant (Table 3, Fig. 2A and B). ɓ-glucosidase activity differed 

between algae and sediment only at some time moments (Fig. 2) and was in general higher 

on the algae compared to the sediments. In the sediment, there was no species-specific effect 

on ɓ-glucosidase activity at any time moment (Fig. 2A). By contrast, species-specific 

differences in ɓ-glucosidase activity were found on the algae: after 10 days, all monospecific 

treatments, except Pm IV, showed lower enzymatic activity compared to the control, and the 

treatment with Pm I exhibited the lowest activity of all (all p<0.006). After 20 days, the Pm 

IV treatment produced the highest enzymatic activity, and Pm I also showed higher 

enzymatic activity compared to the control (all p<0.035). Yet, after 25 days, the Pm I 

treatment again yielded the lowest enzymatic activity compared to all other treatments (all 

p<0.001) (Fig. 2B).  

Leucine-aminopeptidase activity was influenced by substrate, time, treatment, the 

interaction of substrate with treatment, and the interaction between time and treatment (Table 

3). Leucine-aminopeptidase activities differed among the treatments (regardless substrate) 

only after 25 days: the Pm I treatment had lower enzymatic activities compared with the 

treatments Pm III, Pm IV and All4; the Pm II treatment showed lower enzymatic activity 

compared to the monospecific treatments of Pm III and Pm IV. Moreover, the Pm III 

treatment had a significantly higher enzymatic activity than the control. Within the sediment, 
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no differences were found among the different treatments. Leucine-aminopeptidase activity 

was higher on the algae compared to the sediment for the control, Pm III, and All4 (Fig. 2C 

and D). Within the treatments, no differences were found among the time moments except 

for the treatments of Pm III (day 25 had a higher activity than all the rest), Pm IV (higher 

activity at day 25 compared to day 10 and 20) and All4 (higher activity at day 25 compared 

to day 5) (Fig. 2C and D).  

Table 3: Results of the general linear model on enzymatic activity of ɓ-glucosidase and 

Leucine-aminopeptidase 

1algae, sediment ;2day 5, 10, 15, 20 and 25; 3 Pm I, Pm II, Pm III, Pm IV and All4 

Factor 
 -̡glucosidase  Leucine-aminopeptidase 

Df F P F P 

Substrate1    1 867.28 <0.0001 52.67 <0.0001 

Time2               4 1.26 0.29 2.63 0.04 

Treatment3           4 3.98 0.0026 2.93 0.01 

Substrate*Time             4 3.08 0.02 not included in final model 

Substrate* Treatment        4 3.49 0.0063 2.66 0.02 

Time*Treatment           16 3.17 0.0001 2.96 0.0001 

Substrate*Time*Treatment  16 3.45 <0.0001 not included in final model   



 

 

 

2
5
6 

Figure 2: Enzymatic activities (mean + SE of 4 replicates) over the different treatments for ɓ-glucosidase on a) the sediment and b) the algae and 

for Leucine-aminopeptidase on c) the sediment and d) the algae. Different letters show significant pair-wise differences of the three-way 

interaction between treatments, * show significant pair-wise differences with the control. For leucine-aminopeptidase letters are absent, because 

the tree-way interaction was not significant. Attention: the y-axes have different scales for sediment and algae. (n=100) 
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Effect of nematode densities on the decomposition process 

A. Nematode densities  

During the course of the experiment, all species had very similar abundances and none of 

the species performed remarkably better than the others (Appendix 2, fig. S2) . Nevertheless, 

some species-specific significant differences, depending on substrate and time, existed: Pm 

I showed highest adult abundances on the algae at day 5 and in the sediment at day 25 

compared with some other treatments. Pm II exhibited higher adult and juvenile abundances 

on the algae at day 20, but lower juvenile abundances at day 25 in the sediment. Pm III 

showed higher adult abundances at day 25 on the algae and higher juvenile abundances at 

that day in the sediment. At day 25, All4 showed higher abundances of juveniles on the algae 

compared with some other treatments. More details on nematode densities and their 

differences between treatments can be found in Appendix 2.  

B. Correlations between enzymatic activity/weight loss and number of nematodes 

No significant correlations were found between weight loss and number of nematodes. 

Significant correlations were found between enzymatic activity and number of nematodes: 

in the sediment, the number of juvenile Pm I was significantly correlated with both ɓ-

glucosidase (r=0.59; p=0.006) and Leucine-aminopeptidase (r=0.47; p=0.035). On the algae, 

the numbers of juvenile and adult Pm III were negatively correlated with ɓ-glucosidase 

activity (r=-0.53; p=0.015 and r=-0.48; p=0.03, respectively). In the General Linear Model 

on enzymatic activity, no significant interaction with nematode density was found. After the 

step-wise backward procedure, nematode density was completely deleted from the model. 
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Effect of interspecific interactions on species composition (All4 treatment)  

The assemblage composition of adults was influenced by all factors except the three-way 

interaction (Table 4). Time did not only influence assemblage composition but also the 

variation among the different replicates. At every time moment, adult assemblages differed 

between the real and the fictitious populations, with Pm I being the most dominant species 

in all real assemblages (explained at each time moment more than 57% of the variation 

(SIMPER)). Pm I was always the most abundant species, but never completely excluded the 

other species, which had variable relative abundances over time. By contrast, a more even 

distribution of all species was found in the fictitious populations (Fig. 3A and B). These 

differences were seen both on the algae and in the sediment. Some differences existed also 

between substrates: Pm I was more abundant on the algae compared to the sediment, while 

at day 5, Pm IV was less abundant on the algae compared to the sediment; the same was true 

for Pm II at day 10. In both the fictitious and the real assemblages, there were differences in 

species composition between the algae and in sediment. Pm I was less abundant on the algae 

in the real assemblages, whereas the opposite was true in the fictitious assemblages. 

The assemblage composition of juveniles gave very similar results, except for the interaction 

of interspecific interaction and substrate, which was not significant for the juveniles (Table 

4). Assemblage compositions differed between fictitious and real populations at all time 

moments in the same way as for the adults, except at day 5, where the assemblage 

composition was very similar both in presence and absence of interspecific interactions (Fig. 

3C and D). Moreover, assemblage composition did mostly differ between the start and the 

rest of the experiment, and was very similar from day 15 onwards for fictitious assemblages 

and from day 10 onwards for the real assemblages (Fig. 3C and D).   

Table 4: Results of the PERMANOVA on adult species composition (All4 treatment) 

Factor 
 Adults Juveniles 

Df pseudo-F p pseudo-F p 

Substrate1              1 2.72 0.002 4.26 0.001 

Time2                      4 19.97 0.001 20.75 0.001 

Intersp. int.3  4 16.13 0.001 16.50 0.001 

Substrate*Time             4 2.61 0.001 2.93 0.001 

Substrate*Intersp. int.  4 2.22 0.003 0.55 0.239 

Time*Intersp. int.  16 3.75 0.001 3.82 0.001 

Substrate*Time*Intersp. int. 16 0.59 0.575 0.57 0.295 
1algae, sediment ;2day 5, 10, 15, 20 and 25; 3 interspecific interaction: real and fictitious



 

 

Figure 3: Average number of nematodes (mean ± SE) over time in the real (R) vs. fictitious (F) assemblages on the different substrates (sediment and 

algae) for adults (a and b) and juveniles (c and d). Pie charts show the assemblage composition of the cryptic species complex of L. ñmarinaò at day 

5, 10, 15, 20 and 25. (n=80)
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Discussion 

Our study shows that the members of the bacterivorous nematode Litoditis ñmarinaò 

complex influence enzymatic activities in a species-specific manner. This did not translate 

into an effect on weight loss, indicating only a possible qualitative effect on decomposition. 

In addition, interspecific interactions influenced species composition, with Pm I being the 

most dominant species. These interspecific interactions also influenced the decomposition 

process.  

Litoditis ñmarinaò nematodes have a qualitative effect on decomposition 

In our experiment, an effect of the nematodes on the enzymatic activities manifested after 

ten days, but no clear nematode effect on organic matter weight loss was found, which 

suggests that L. ñmarinaò mainly influences qualitative aspects of the decomposition 

process rather than its overall rate or that the effect on weight loss will only manifest later 

on. Every cryptic species, except Pm IV, negatively influenced the enzymatic activity on at 

least one time moment compared to the control (see below for more details on species-

specific effects). Although this was statistically significant for ɓ-glucosidase but not for 

Leucine-aminopeptidase, very similar trends were visible for both enzymes, except in the 

Pm III treatment. This negative effect on enzymatic activity strongly suggests a top-down 

effect of the nematodes on the bacteria, probably through grazing leading to lower bacterial 

densities, which translate into lower enzymatic activities. Previous research has already 

shown such a relationship between bacteria and marine nematodes (De Mesel, et al., 2003). 

Unfortunately, our experiment did not include counts of bacterial densities. While in the 

beginning an inhibitory effect on enzymatic activity was present, this effect disappeared later 

in the experiment. This may be caused by an increase of mucus trails from the nematodes 

(Riemann & Schrage, 1978; Moens, et al., 2005; De Mesel, et al., 2006) or an increase in 

ammonia excretion by the nematodes (Ferris, et al., 1998) during the course of the 

experiment, which may have led to an increase in bacterial density. Another possibility is 

that nematodes initially compete for the most nutritious bacteria or for bacteria without anti-

grazing strategies (Matz and Kjelleberg 2005). Once these bacteria are depleted, less 

preferred bacteria may be more prominent and competition for these bacteria will be lower. 

As a result, the top-down effect on the bacteria will reduce. L. ñmarinaò may thus influence 

the decomposition process, but this effect may change over time.  
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Cryptic  Litoditis ñmarinaò species show species-specific effects on decomposition  

Species identity rather than nematode densities influenced the enzymatic activity in our 

experiment. If complete functional redundancy among the species existed, we would have 

expected the same effect on decomposition of each single species. This was clearly not true, 

because enzymatic activities differed among the different treatments, while at the same time 

nematode densities of the different cryptic species were very similar. The presence of Pm II 

and Pm III nematodes showed a grazing effect (i.e., lower enzymatic activity) at the start, 

which disappeared later. For Pm I, Pm III and Pm IV a higher enzymatic activity of one of 

the enzymes compared to the control was found at a later time moment. In the presence of 

Pm IV, enzymatic activities were never lower than the control, indicating that Pm IV may 

stimulate bacterial growth, rather than overgraze the bacteria. These results suggest that Pm 

IV may be more important in accelerating the decomposition process compared with the 

other species while Pm II may not have any stimulatory effect at all. Nematode species 

belonging to the same functional group can show differences in their influence on 

decomposition as a result of selective grazing (De Mesel, et al., 2003; Postma-Blaauw, et 

al., 2005). Recent analysis of the microbiomes of Pm I, Pm II and Pm III has shown that the 

cryptic species within the L. ñmarinaò species complex can be dietary specialists (Derycke, 

et al., 2016; chapter V). The distinct species-specific differences in our study suggest that 

functional redundancy among the four cryptic species may be limited. As such, our results 

support the contention that species diversity (sensu stricto) affects ecosystem functioning. 

This agrees with the rivets hypothesis (Ehrlich & Ehrlich, 1981), which states that all species 

are functionally important in an ecosystem. 

Strong interspecific interactions influence the decomposition process 

Combining species resulted in strong competition between them, with Pm I being the 

competitively strongest species (in agreement with De Meester, et al., 2011; chapter II). 

Nevertheless, Pm I never completely outcompeted the other species, and after 25 days the 

other species again became more abundant on the algae. This contrasts with the results of a 

previous study (De Meester, et al. 2011; chapter II), where Pm II and Pm IV were completely 

excluded. More spatial habitat heterogeneity (due to the algae and sediment in this 

experiment compared with a homogeneous agar layer in the previous experiment) 

(Amarasekare & Nisbet, 2001) and/or the higher food diversity (in this experiment a mixture 

of different bacterial strains was used compared with Escherichia coli as the main food 

source in the previous experiment) may have decreased competitive interactions among 

http://nl.wikipedia.org/wiki/Escherichia_coli


CHAPTER VIII  

262 

species in the present experiment. Pm I adults started to decrease at day 25 which was likely 

caused by intraspecific competition, as numbers of Pm I also decreased in the monospecific 

cultures when 150 000 adults per microcosm were reached. The decline of Pm I was 

accompanied by growing populations of the other species. Alternatively, or in addition to 

interspecific interactions, nematode abundances may also have been the result of the changes 

in bacterial communities and growth rate of bacterial strains over time (Freckman, 1988) 

caused by changes in the quality of the detritus. Such changes can lead to changes in the 

nematode composition as has also been observed for terrestrial nematodes (Wang, et al., 

2004), for instance as a result of differential food preferences (see further).  

Although the All4 treatment was strongly dominated by Pm I, this did not lead to the same 

enzymatic activities as seen in the monospecific Pm I cultures. This demonstrates that 

interspecific interactions and/or the presence of other cryptic species, even at low relative 

abundances, have an influence on the enzymatic activity. Moreover, no higher total 

abundances were found in the combined treatment compared to the Pm I treatment, 

indicating that nematode abundance per se is unlikely to have caused the differences in 

enzymatic activity. Under conditions of interspecific interactions, species may be forced to 

change their type of food (Tilman, 1976; Al-Naimi, et al., 2005; Postma-Blaauw, et al., 

2005). In the present study, switching food (i.e. bacteria) sources may have influenced 

bacterial composition and, as a consequence, the decomposition process.  

Coexistence between cryptic species may be achieved by functional differences 

Despite the high competition among the cryptic species, they were able to coexist in this 

experiment. Coexistence in the field is also common for at least three of the four cryptic 

species (Derycke, et al., 2006; 2008b). Species-specific effects on decomposition may 

indicate some kind of niche differentiation and may help to explain their coexistence. 

Functional redundancy is incompatible with stable coexistence, especially at larger temporal 

and spatial scales. Instead, stable coexistence requires ecological differences between 

species (Cothran, et al., 2015), which can then lead to functional differences (Loreau, 2004). 

There are distinct ecological differences in competitive abilities (De Meester, et al., 2011; 

chapter II), dispersal capacities (De Meester, et al., 2012 (chapter VI); 2015a (chapter III)) 

and life-history traits (De Meester, et al., 2015b; chapter VII) among the cryptic L. ñmarinaò 

species. Pm III is in general the most "unique" in these ecological aspects compared to the 

other three cryptic species, which agrees well with its greater genetic distance to the other 

species (Derycke, et al., 2008a; Grosemans, et al., 2016). Moreover Pm III differed from Pm 
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I in resource use (Derycke, et al., 2016; chapter V). It is therefore surprising that Pm III did 

not differ more from Pm I and Pm IV in its effect on enzymatic activity in the present 

experiment. The two genetically most closely related species (Pm I and Pm IV) do not show 

big differences in ecological characteristics (De Meester, et al., 2012 (chapter VI); 2015b 

(chapter VII); 2015c (chapter IV)); however, in the present study, Pm IV always showed a 

more positive effect on the ɓ-glucosidase activity compared to the other species. This 

indicates that Pm IV is functionally more different from Pm I than anticipated and that 

genetic distance may be a poor predictor of functional differences.  

Conclusions 

Despite the increasing interest in unravelling the importance of cryptic species for ecosystem 

functioning (Pfenninger & Schwenk, 2007), previous studies did not explicitly test for 

functional differences among cryptic species. Our results show that cryptic species induce 

distinct species-specific differences in enzymatic activity, which was used here as a proxy 

for the decomposition process. This indicates that functional differences exist among the 

species and each cryptic species may play an important role in the ecosystem. These 

functional differences show that cryptic species differ more than first thought and differences 

between the species may help to explain coexistence.  
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Supplementary information 

 

Appendix 1: Weight loss of decaying algae over the different time moments among the 

different treatments. 
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Figure S1: Weight loss (percentage ± SE) over the different time moments among the 

different treatments (n=100). 
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Appendix 2: detailed overview of the results of nematode densities 

The number of adults was influenced by the three-way interaction of substrate, treatment 

and time (Fig. S2A and B, Table S1). Some species-specific significant differences in 

abundances of adults existed: Pm I showed higher abundances compared with Pm II and Pm 

III on the algae at day 5 and compared with Pm II, Pm IV and All4 at day 25 in the sediment, 

and for Pm I and All4 abundances were also higher than those of Pm IV. On the algae, Pm 

II showed higher adult abundances at day 20 compared with Pm I. Additionally on the algae, 

Pm III showed higher abundances compared with Pm I, Pm II and Pm IV at day 25 (Fig. 

S2A and B). Substrate had an effect on the nematode abundances: higher abundances were 

found for Pm I, Pm II and Pm III on the algae compared to the sediment on day 5. 

Abundances of nematodes increased most between day 5 and 10, and then remained nearly 

stable (Fig. S2). Pm III adults showed a different population increase on algae: abundances 

on day 5 only differed from day 25.  

Abundances of juveniles were also influenced by the three-way interaction of substrate, 

treatment and time (Table S1, Fig. S2C and D). In the sediment, only at day 25 some 

differences were found: Pm I, Pm III and All4 showed higher abundances of juveniles 

compared with Pm II, and for Pm I and All4 also compared with Pm IV. On the algae, higher 

abundances were found for Pm II at day 10 compared with Pm III and Pm IV and at day 20 

compared with Pm IV, for Pm I at day 15 compared with Pm II and for All4 at day 25 

compared with Pm I and Pm II. Abundances of juveniles were lower at day 25 compared 

with day 20 for Pm I, Pm II and Pm III on the algae and only for Pm II in the sediment. 

Abundances of juveniles were higher in the sediment compared with the algae for all the 

treatments at certain time moments (at day 15 for Pm III, day 20 for Pm I, Pm II and All4 

and day 25 for Pm I, Pm III, Pm IV and All4). 
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Table S1: Results of the linear mixed model on abundances of adults and juveniles 

 

 

1algae, sediment; 2day 5, 10, 15, 20 and 25; 3 Pm I, Pm II, Pm III, Pm IV and All4 

Factor 
Adults Juveniles 

F P F P 

Substrate1    78.11 <0.0001 0.29 0.59 

Time2               193.99 <0.0001 88.66 <0.001 

Treatment3           3.78 0.0074 7.77 <0.001 

Substrate*Time             115.11 <0.001 19.89 <0.001 

Substrate* Treatment        10.53 <0.001 1.57 0.19 

Time*Treatment           9.50 <0.001 7.08 <0.001 

Substrate*Time*Treatment  2.52 0.0039 7.17 <0.001 



 

 

 

2
6
7 

Figure S2.: Number of nematodes (mean + SE) on the algae and in the sediment at each time point for each of the different treatments: A 

+ B adult abundances, C +D juvenile abundances. Letters show significant differences of the three-way interaction (P<0.05). Attention: 

an interval between 800 and 10000 is present and the scales of the y-axes differ before and after this interval. (n=100) 
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