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Thesis Abstract 

Lanice conchilega is an ecosystem engineering polychaete worm. It forms tube 

aggregations in temperate coastal zones, being particularly abundant in Europe. 

Tube aggregations engineer sandy-muddy marine sediments by posing as physical 

barriers which modulate water flow on the sediment surface, increasing local 

sedimentation and creating distinct micro-habitats within tube arrays for other 

organisms. Although previous research has greatly contributed to our understanding 

of how this organism engineers marine sediments, processes pertaining to formation 

and decay of its aggregations remained unclear. The main objective of this thesis 

was to elucidate these processes, in particular, to determine the role of 

population dynamics on engineering effects and the formation and decay of 

intertidal L. conchilega aggregations. Experiments were executed exploring the 

relationships between population dynamics, sedimentation, and mortality (chapter 2). 

Findings revealed that dense aggregations induce locally higher sedimentation and 

more stable sediments in comparison to bare surfaces. Abrupt sedimentation 

triggered tube-accretion and may form a positive feedback wherein growing tubes 

cause further sedimentation, hence contributing to aggregation maintenance. 

However, abrupt sedimentation of 5-12cm in height may hinder maintenance by 

increasing population mortality through smothering, which diminishes tube density 

and undermines further flow modulation. We also assessed temporal patterns in 

population structure, and investigated how these relate to ecosystem engineering by 

L. conchilega on marine sediments through monthly in-situ monitoring of intertidal 

aggregations (chapter 3). This revealed that seasonal population dynamics and 

demographic composition influence the temporal evolution of L. conchilega 

engineering effects, intensifying in periods of high density (i.e. recruitment), and 

decaying during periods of harsh conditions (i.e. winter). We also assessed the 

temporal evolution, persistence, and longevity of small-scale distribution patterns for 

intertidal L. conchilega aggregations (chapter 4). It was found that the formation of 

small-scale spatial patterns was associated to the aforementioned recruitment 

periods, prompting the formulation of a hypothetical conceptual model for 

aggregation formation and decay. We postulate that yearly recruitment in spring and 

autumn result in population replenishment and the formation of early small-scale 

spatial patterns. The latter are likely modified by continuing settlement and post-

settlement survival giving rise to different small-scale distribution patterns, while 
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aggregation decay was shown to occur apart from recruitment and likely due to 

population mortality. Lastly, we explored an alternative conceptual model for spatial-

pattern formation in L. conchilega aggregations by performing a modelling exercise 

assessing the role of food availability and assimilation on population dynamics 

(chapter 5). Findings from the exercise suggest that food availability and assimilation 

are likely to only marginally influence population density dynamics, which seems to 

be determined largely by the recruitment intensity. This thesis has lead us to 

conclude that spatial-pattern formation in L. conchilega aggregations is likely 

delineated by conditions during settlement and factors influencing post-settlement 

survival. Since hydrodynamic conditions often influence settlement and recruitment, 

we suggest that future research focus on the effects of hydrodynamic stress in L. 

conchilega larval settlement and survival at very small spatial scales. 

  



v 
 

Summary 

In 1994, Jones and co-authors penned the term ‘ecosystem engineers’ to describe 

organisms that modulate resources to other species by causing state changes in 

biotic and/or abiotic environmental properties and/or processes. These organisms 

can have tremendous impact on ecosystems, shaping the environment they live in. 

One example is the beaver (Castor sp). It constructs dams that interrupt river flow 

and cause flooding, consequently changing conditions which affect species 

composition across the landscape. Beavers are considered allogenic engineers, that 

is, they are organisms that cause change through their actions (in this case dam 

construction). Other organisms may cause change simply through presence, and in 

these cases they are called autogenic engineers. Reef-building organisms fall under 

the latter category, providing complex structures with a myriad of micro-habitats and 

conditions to other species. The calcareous constructs built by coral reefs, for 

example, provide such an abundance of resources that they sustain extensive trophic 

webs and extremely high species richness. Coastal and marine environments have a 

plethora of organisms that may be considered ecosystem engineers. For example, 

sting rays create feeding pits that provide shelter, mangrove crabs make burrows that 

modulate sediment biogeochemistry to microbial communities, and marsh tussocks 

modulate water flow creating distinct micro-habitats within the canopies for other 

species. This thesis focused on one case-study of autogenic engineering in the 

coastal environment, that of the sessile tube-building polychaete Lanice conchilega. 

Lanice conchilega is a terebellid worm that constructs tube aggregations. These can 

be considered reefs due to their extensive effects on both biotic and abiotic 

environmental properties. Lanice conchilega aggregations autogenically engineer 

marine sediments by attenuating water flow as it passes through tube arrays. This 

affects the sedimentation regime locally and reduces hydrodynamic stress within the 

aggregations. The changes imposed by L. conchilega may result in distinct micro-

conditions within an aggregation than that of the surrounding habitats, often 

sustaining high species richness and abundance. Autogenic effects from L. 

conchilega aggregations can vary across space and time. Aggregations may present 

patchy distributions, engineering alternating portions of a landscape and increasing 

spatial heterogeneity. They can also be ephemeral, disappearing in moments of high 

environmental stress, such as winter. Although previous research has greatly 

contributed to our understanding of how this organism engineers marine sediments, 
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several knowledge gaps remained that were addressed in this thesis. These gaps are 

summarized further, however, an in-depth description of knowledge gaps can be 

found in chapter 1 alongside descriptions of our study site and the organism of 

study. Our main objective was to elucidate the role of population dynamics on 

engineering effects and the formation and decay of intertidal L. conchilega 

aggregations. We focused on an intertidal L. conchilega population as a case study, 

located on the sandy beach of Boulogne-sur-mer (Nord Pas-de-Calais, France). We 

employed short-term experiments, medium-term monitoring (i.e. 1.5 years), remote 

sensing, and ecological modelling to achieve our main objective. What follows is a 

summary of the work executed for this thesis. 

Previous research employing model simulations suggest that flow attenuation by L. 

conchilega aggregations is a density-dependent process wherein high density 

aggregations attenuate flow more than low density ones. This relationship is likely 

nonlinear, that is, flow attenuation should cease to intensify past a density threshold. 

Nevertheless, a hypothetical mechanism for vertical expansion of L. conchilega 

aggregations was offered by the aforementioned research. High fine sediment 

deposition from autogenic engineering may trigger tube accretion, causing vertical 

expansion of an aggregation and further fine sediment deposition. This hypothetical 

mechanism was explored in chapter 2, wherein we investigated the autogenic 

engineering effects of Lanice conchilega aggregations through short-term 

experiments. Weekly in-situ estimations of sedimentary properties revealed that L. 

conchilega aggregations with density ranging between 3 200 and 16 318 ind·m-2 

have significantly different sedimentary properties than bare sand. However, 

properties did not vary within that density range, indicating that the relationship 

between flow attenuation and density is nonlinear. In-situ monitoring of L. conchilega 

density and several environmental properties for 3 weeks revealed marginally 

different temporal trends between centre and edges of aggregations following a 

natural disturbance (i.e. storm). This hinted at the presence of gradients within the 

aggregations that may contribute to the formation of patchy distributions. Lastly, a 

laboratory experiment revealed significantly higher mortality rates and tube building 

activity in the presence of sediment deposition between 5cm and 12cm in column 

height. As such, our findings are in agreement with the previous hypothetical 

mechanism, suggesting that a positive feedback between sedimentation and tube-

building activity may drive vertical expansion. However, the latter may be limited by 

deposition-induced mortality. 
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Tube dimensions as well as protruding height above the sediment surface 

determines autogenic engineering effects from polychaete tube aggregations by 

modulating their area of flow obstruction. During its development, L. conchilega 

individuals can grow from <1mm to approx. 5-6mm in inner tube diameter. As 

population dominance shifts from a majority of juveniles to adults, it can be expected 

that the area of flow obstruction per aggregation will change. As such, population 

dynamics and demographic structure may impact autogenic engineering effects. 

Previous research has addressed the relationship between engineering effects and 

physical characteristics of the tubes with experiments using mimic tubes and 

ecological modelling. However, there was still a knowledge gap on the role of 

changing tube dimensions and seasonal density fluctuations as in-situ populations 

had not been considered. This gap was addressed in chapter 3, wherein we 

analysed the seasonal evolution of population dynamics and ecosystem engineering 

effects of our case-study intertidal population. In-situ monitoring lasting 1.5 years 

revealed two recruitment periods: one in spring (during April) and one in autumn 

(during September-October). The spring recruitment had higher density of recruits 

(i.e. approx. 30 000 ind·m-2) than the one in autumn (i.e. approx. 4 000 ind·m-2), and 

this high density was associated to distinct environmental properties. This indicates 

that demographic processes may be responsible for periods of pronounced 

ecosystem engineering. Nevertheless, mass mortality severely reduced population 

density during winter. However, the population persisted, likely due to recruits from 

other populations, which are associated to short- and long-term population dynamics. 

Lanice conchilega frequently displays a patchy or fragmented small-scale distribution, 

increasing spatial heterogeneity across the landscape which constitutes part of their 

ecological value. Their tube aggregations expand habitat availability to associated 

species, enabling an increase in species richness and abundance as previously 

mentioned. Previous research have focused on population dynamics and ecosystem 

engineering, but failed to encompass small-scale spatial dynamics. As such, 

knowledge on the small-scale distribution of L. conchilega aggregations is scarce 

despite its importance. This is likely due in part to difficulties of traditional sampling 

methods in properly sampling heterogeneous landscapes at the required resolutions 

(< 1m). To the best of our knowledge, there had not been a thorough characterisation 

of L. conchilega small-scale spatial patterns until the present work. We addressed 

this gap in chapter 4, wherein our case-study population was monitored for 1.5 years 

using kite aerial photography (KAP) and low-altitude digital photogrammetry to map 
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their small-scale distribution at ultra-high spatial resolution (i.e. approx. 3mm). These 

mapping methods produced 12 orthomosaics and digital elevation models with very-

high resolution and small local errors, enabling accurate measurement taking from 

the material. However, global large errors hindered analytical change detection, as 

such, analyses of the temporal evolution of L. conchilega small-scale distribution 

patterns was executed through visual interpretation. These were novel methods that 

enabled the characterisation of L. conchilega small-scale distribution patterns at 

unprecedented resolution. Further analyses on method performance can be found in 

chapter 4. Three distribution types were observed during our survey: patches, beds, 

and interrupted beds. Their differing morphologies indicated distinct mechanisms of 

formation. Distribution types were formed following recruitment periods, suggesting 

that pattern formation is a consequence of interactions between larval settlement and 

hydrodynamic conditions during that period. As such, these interactions are likely 

responsible for the variance in small-scale distribution types. 

Distribution patterns are often a consequence of multiple mechanisms working in 

tandem. As such, additional mechanisms for spatial pattern formation were also 

considered during the development of this thesis. These include consumer-resource 

interactions, wherein the distribution of an organism is dictated by a resource that it 

requires. Lanice conchilega is both a filter- and deposit-feeder, consuming mainly 

microorganisms from the water column and sediment surface. Previous flume 

experiments suggest that filter-feeding by L. conchilega worms can cause local water 

column depletion, creating gradients in food concentration that may impact individual 

worms downstream. Additionally, filter-feeding may be affected by competition for 

food, as has been shown for L. conchilega and the Pacific cupped oyster Crassostrea 

gigas in the Bay of Veys (France). As such, we explored the impact of consumer-

resource interactions on population dynamics through a population model in chapter 

5. A modelling framework was employed due to the complexity of L. conchilega 

feeding ecology, and it analysed potential effects of food limitation and assimilation 

on population. Preliminary results from the population model simulations suggest only 

a marginal importance of consumer-resource interactions on adult L. conchilega 

density dynamics. During our study, total density dynamics were mostly influenced by 

recruitment intensity and subsequent mortality. Thus, our preliminary findings 

highlighted the importance of recruitment and establishment of juvenile cohorts for 

total population density dynamics. 
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The insights gained on L. conchilega population dynamics and autogenic engineering 

through time and space during this thesis work was summarised and integrated in 

chapter 6. The chapter addresses the relationships between population dynamics 

and autogenic engineering, as well as potential mechanisms of spatial pattern 

formation. Lastly, it discusses how our findings can support ecosystem-based 

approaches to conservation, and presents future prospects for research. 

In conclusion, our findings support a nonlinear engineering relationship between tube 

density and flow attenuation, the latter ceasing to intensify past a density threshold of 

3 200 ind·m-2. Sedimentation may indeed contribute to the vertical expansion of L. 

conchilega aggregations, whereas catastrophic sedimentation may not only 

contribute but also limit it by inducing higher mortality. Density gradients within 

aggregation may contribute to the formation of patchy distributions by modulating 

vertical expansion in addition to creating patch-work ecosystem engineering effects 

across a landscape. However, further research needs to investigate whether 

significantly distinct densities occur between portions of an aggregation. Population 

dynamics influence intensity of autogenic engineering creating seasonal cycles of 

effects by likely modulating the area of flow obstruction. This may also contribute to 

the formation of patchy distributions in addition to gradients in density between 

portions of an aggregation. However, it seems more likely that processes pertaining 

to larval settlement and recruitment have higher importance in the formation of small-

scale spatial patterns in L. conchilega populated landscapes. We hypothesise that 

these processes may originate density gradients due to influences from 

hydrodynamic forcing, and/or enhance them due to adult presence facilitation through 

attenuation of hydrodynamic forcing. These hypothetical mechanisms may provide 

guidance to future research.  
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Samenvatting 

Jones en coauteurs definieerden voor het eerst de term ‘ecosysteem ingenieurs’ in 

1994, waarbij ze organismen beschreven die de toegang tot bepaalde bronnen voor 

andere organismen veranderden door aanpassingen in biotische en/of abiotische 

omgevingseigenschappen en/of –processen. Deze organismen kunnen een enorme 

impact hebben op ecosystemen, en vormen zo de omgeving waarin ze leven. Een 

bekend voorbeeld is de bever (Castor sp.), die dammen bouwt die de stroming van 

rivieren onderbreken, waardoor overstromingen veroorzaakt worden. Deze 

veranderde condities hebben tot gevolg dat de soortensamenstelling veranderd 

langsheen dit landschap. Bevers worden ‘allogene ingenieurs’ genoemd: organismen 

die veranderingen veroorzaken door hun activiteit (in dit voorbeeld het bouwen van 

dammen). Andere organismen kunnen simpelweg door hun aanwezigheid 

veranderingen teweegbrengen. Deze organismen worden ‘autogene ingenieurs’ 

genoemd. Rif bouwende organismen behoren tot deze laatste categorie, ze voorzien 

complexe structuren met een groot aantal micro-habitats en condities voor andere 

soorten. De kalkstructuren gebouwd door koraal bijvoorbeeld, zorgen voor een rijke 

hoeveelheid aan bronnen. Hierdoor kunnen ze een hoge biodiversiteit en een 

uitgebreid voedselnetwerken ondersteunen. Langsheen de kust en in mariene 

omgevingen vinden we een overvloed aan organismen die kunnen beschouwd 

worden als ecosysteem ingenieurs. De pijlstaartrog, bijvoorbeeld, creërt 

voedselputten die bescherming voor andere organismen voorzien. Krabben in 

mangroves maken gangen die de biogeochemie van sedimenten veranderen, 

evenals de microbiële gemeenschappen. Marsh-pollen moduleren de waterstroom en 

creëren verschillende microhabitats tussen grassprieten voor andere soorten. Deze 

thesis focust op één bepaalde ecosysteem ingenieur langsheen kusten: de sessiele 

kokerworm Lanice conchilega. 

Lanice conchilega is een borstelworm van de familie Terebellidae die een koker 

bouwt. Een opeenhoping van deze kokers kan worden beschouwd als een rif omwille 

van het extensief effect op zowel biotische als abiotische omgevingskenmerken. 

Aggregaties van Lanice conchilega zullen autogeen mariene sedimenten gaan 

bewerken door de waterstroom te verzwakken wanneer die tussen en boven de 

kokers passeert. Dit beïnvloedt lokaal de sedimentatie en vermindert de 

hydrodynamische stress binnen de aggregatie van kokers. Deze veranderingen, 

bewerkstelligd door L. conchilega, kunnen leiden tot verschillende micro-condities 

http://www.thefreedictionary.com/Terebellidae
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binnen deze aggregaties wat meestal een hogere soortenrijkdom en populatie 

densiteit vergeleken met de omliggende habitats tot gevolg heeft. Autogene effecten 

van de aggregaties van L. conchilega kunnen variëren afhankelijk van plaats en tijd. 

De aggregaties kunnen bestaan uit onregelmatige patches, afwisselende delen van 

het landschap die beïnvloed worden, en een verhoogde ruimtelijke heterogeniteit 

creëren. De aggregaties kunnen ook tijdelijk zijn, waarbij ze verdwijnen tijdens 

periodes van hoge omgevingsstress, zoals tijdens de winter. Hoewel eerder 

onderzoek sterk heeft bijgedragen tot het begrijpen van hoe deze organismen de 

mariene sedimenten kunnen bewerken, zijn er nog steeds gaten in onze kennis. 

Deze zullen in deze thesis belicht worden. Een gedetailleerd overzicht over deze 

kennis lacunes omtrent deze organismen en hun interactie met hun leefomgeving, 

kan teruggevonden worden in hoofdstuk 1, samen met een beschrijving van de 

studieplaats en de organismen. Ons belangrijkste doel was de rol van 

populatiedynamieken op het ingenieurs effect van de kokerworm te 

verduidelijken en de vorming van de intertidale L. conchilega aggregaties in 

ruimte en tijd te bestuderen. De focus lag op een intertidale L. conchilega populatie 

op het zandstrand van Boulogne-sur-mer (Nord Pas-de-Calais, Frankrijk). We pasten 

korte experimenten toe, gecombineerd met middellange termijn monitoring (anderhalf 

jaar), teledetectie en ecologische modellen om deze doelen te bewerkstelligen. Wat 

volgt is een samenvatting van deze thesis. 

Eerder onderzoek gebruikte simulaties die veronderstelden dat de 

stroomvermindering, veroorzaakt door de L. conchilega aggregaties, een 

densiteitsafhankelijk proces is, waarbij aggregaties met hoge densiteit de 

waterstroom meer verzwakken dan aggregaties met lagere densiteit. Echter, dit 

verband lijkt eerder niet-lineair waarbij de verzwakking van de stroom ophoudt 

wanneer een bepaalde densiteit bereikt is. Het hierboven vermelde onderzoek stelde 

eveneens een hypothetisch mechanisme voor de verticale expansie van L. 

conchilega aggregaties voor, namelijk dat de depositie van fijn sediment door 

autogene ingenieurs de aangroei van kokers kan versnellen, met een verdere 

verticale expansie van de aggregatie en een verdere depositie van fijn sediment. 

Deze hypothese werd onderzocht in hoofdstuk 2. In dit hoofdstuk werden de 

autogene ingenieurseffecten van L. conchilega aggregaties door middel van korte 

experimenten bestudeerd. Wekelijkse in-situ schattingen toonden aan dat L. 

conchilega aggregaties met densiteiten van 3 200 and 16 318 ind·m-2 significant 

verschillende sediment kenmerken vertoonden dan sediment zonder organismen. 
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Binnen dit densiteitbereik verschilden de kenmerken echter niet, wat aantoont dat het 

verband tussen de verzwakking van de stroom en de densiteit niet-lineair is. In-situ 

monitoring van L. conchilega densiteiten en omgevingskenmerken gedurende 3 

weken, toonde aan dat er kleine tijdelijke verschillen bestaan tussen het centrum en 

de randen van de aggregaties, wanneer een natuurlijke verstoring (storm) had 

plaatsgevonden. Dit toont aan dat de aanwezigheid van gradiënten binnen de 

aggregaties kan leiden tot onregelmatige distributies. Bovendien toonde een labo-

experiment aan dat er significant hogere mortaliteit en snellere kokervorming terug te 

vinden was wanneer er een sedimentdepositie tussen 5cm en 12cm in kolomhoogte 

plaats vond. Deze bevindingen bevestigen de eerder vermelde hypothese, en toont 

aan dat een positieve terugkoppeling tussen sedimentatie en kokervorming kan 

leiden tot verticale expansie. Dit laatste kan echter wel gelimiteerd worden door een 

verhoogde mortaliteit ten gevolge van de depositie. 

Zowel de dimensies van de koker als de uitstekende hoogte boven het 

sedimentoppervlak beïnvloeden de ingenieurseffecten van de kokerworm 

aggregaties, en dit door middel van het beïnvloeden van het areaal waar de 

waterstroom wordt tegengehouden. Tijdens hun ontwikkeling kunnen L. conchilega 

individuen groeien van <1mm tot ongeveer 5-6mm in diameter. Wanneer populaties 

veranderen van een dominantie aan juvenielen naar een dominantie aan adulten, 

kan er verwacht worden dat deze het areaal waar de stroom verzwakt wordt, zullen 

veranderen. Populatiedynamieken en demografische structuur kunnen op deze 

manier de autogene ingenieurseffecten beïnvloeden. Door middel van experimenten 

met nepkokers en ecologische modellen toonde eerder onderzoek een verband 

tussen ingenieurseffecten en fysische kenmerken van de kokers aan. Er ontbreekt 

echter nog steeds kennis met betrekking tot de rol van veranderende kokerdimensies 

en seizoenale densiteitfluctuaties, want in-situ populaties werden tot nu toe in deze 

context niet onderzocht. Dit werd verder bestudeerd in hoofdstuk 3, waarin 

seizoenale evoluties van populatiedemografie en de effecten van de ecosysteem 

ingenieurs van de bestudeerde populatie werden geëvalueerd. In-situ monitoring 

gedurende anderhalf jaar toonde aan dat er twee periodes van rekrutering zijn: één in 

de lente (april) en één tijdens de herfst (September-Oktober). De rekrutering in de 

lente leidde tot hogere densiteiten van rekruten (ongeveer 30 000 ind·m-2) 

vergeleken met deze in de herfst (ongeveer 4 000 ind·m-2), en deze hoge densiteiten 

waren geassocieerd met sterke veranderingen in sediment eigenschappen. Dit toont 

aan dat demografische processen verantwoordelijk kunnen zijn voor sterke 
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ecosysteem ingenieurs effecten. Massale mortaliteit zorgde echter voor een sterke 

afname in populatiedensiteit tijdens de winter. De bestudeerde populatie kon 

vermoedelijk overleven door rekruten van andere populaties.  

Op kleine schaal vertoont L. conchilega frequent een onregelmatig en 

gefragmenteerde distributie, wat zorgt voor een verhoging van de ruimtelijke 

heterogeniteit in het landschap. Dit draagt mee bij tot de ecologische waarde van de 

soort. De kokeraggregaties zorgen voor een uitbreiding van de aanwezige habitats 

die beschikbaar zijn voor geassocieerde soorten, wat kan leiden tot een verhoging in 

soortenrijkdom en populatie densiteiten. Eerder onderzoek  legde de nadruk op 

populatiedynamieken en ecosysteem ingenieurs effecten, maar hield meestal geen 

rekening met ruimtelijke dynamieken op kleine schaal. Kennis omtrent de distributie 

van L. conchilega aggregaties op kleine schaal is nog steeds beperkt voornamelijk 

doordat traditionele staalname methodes niet toelaten om in heterogene 

landschappen de verspreiding op een kleine ruimtelijke schaal (< 1m) accuraat te 

onderzoeken. Voor zover geweten is er geen karakerisatie van ruimtelijke patronen 

op kleine schaal van L. conchilega terug te vinden. Dit werd bestudeerd in hoofdstuk 

4, waar de studiepopulatie gedurende anderhalf jaar werd gemonitord met behulp 

van fotografie aan de hand van een vlieger (kite aerial photography, KAP) en digitale 

fotogrammetrie op lage hoogte. Deze innovatieve methode zorgde ervoor dat de 

karakterisatie van de verspreiding van L. conchilega op een ultrahoge resolutie (i.e. 

ong. 3mm) mogelijk werd. Drie distributietypes werden geobserveerd gedurende dit 

onderzoek: patches, aggregaties en onderbroken aggregaties. De verschillen in 

morfologie tonen verschillen in vorming aan. De distributietypes werden gevormd na 

de rekruteringsperiodes, wat aantoont dat ruimtelijke patronen gevormd worden als 

gevolg van interacties tussen larvale rekrutering en hydrodynamische condities 

gedurende deze periode. 

Distributiepatronen zijn vaak het gevolg van de wisselwerking tussen verschillende 

mechanismen. Aanvullende mechanismen voor ruimtelijke patroonvorming werden 

daarom ook bekeken tijdens deze thesis. Deze omvatten interacties tussen gebruiker 

en bron, waarbij de distributie van een organisme afhangt van de bronnen die het 

nodig heeft. Lanice conchilega is zowel een filter- als een depositievoeder, waarbij 

respectievelijk voornamelijk microorganismen vanuit het water en het sediment 

worden opgenomen. Eerder uitgevoerde experimenten suggereren dat filtervoeding 

in L. conchilega een uitputting van voedsel in de lokale waterkolom kan veroorzaken, 
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waarbij gradiënten in voedselconcentratie ontstaan, die op hun beurt de overleving 

en verspreiding van individuen kan beïnvloeden. Bovendien kan het filtervoeden 

beïnvloed worden door competitie voor voedsel, zoals al aangetoond voor L. 

conchilega en de Japanse oester Crassostrea gigas in de baai van Veys (Frankrijk). 

Om deze reden, onderzochten we in hoofdstuk 5 de impact van de gebruiker-

(voedsel)bron interacties op de densiteitsdynamieken van L. conchilega door middel 

van een populatiemodel. Omwille van de complexiteit van de voedselecologie van L. 

conchilega werd een modelleerkader gebruikt om de potentiele effecten van 

voedsellimitatie en assimilatie op de populatie te analyseren. Voorlopige resultaten 

van de simulaties van het  populatiemodel suggereren een beperkt belang van de 

gebruiker-bron interacties op densiteitsdynamieken van adulte L. conchilega. Tijdens 

onze studie werden totale densiteit dynamieken meestal beïnvloed door de intensiteit 

van rekrutering en de mortaliteit die hier op volgde. Onze voorlopige resultaten tonen 

het belang van rekrutering en de ontwikkeling van juveniele cohorten aan voor totale 

populatie dynamieken.  

De inzichten in populatiedynamieken en autogene ingenieurseffecten van L. 

conchilega doorheen de tijd en ruimte werden samengevat en geïntegreerd in 

hoofdstuk 6. Dit hoofdstuk bediscussieert het belang van verschillende temporele en 

ruimtelijke schalen voor de effecten van ecosysteem ingenieurs en hun rol in het 

bepalen van de distributie van L. conchilega op kleine ruimtelijke schaal. Bovendien 

wordt er bediscussieerd hoe onze bevindingen kunnen bijdragen tot het behoud van 

ecosystemen. Mogelijke toekomstige plannen worden tevens besproken.  

Als besluit kan gesteld worden dat onze bevindingen een niet-linear verband tussen 

kokerdensiteit en stroomvermindering bevestigen. Deze stroomvermindering nam 

niet meer toe vanaf een densiteit van 3 200 ind·m-2. Verder tonen we aan dat 

sedimentatie inderdaad kan bijdragen tot de verticale expansie van L. conchilega 

aggregaties, maar ook bijdraagt tot een hogere mortaliteit wat verticale expansie kan 

limiteren. Dichtheidsgradiënten binnen de aggregaties kunnen bijdragen aan de 

vorming van gefragmenteerde distributies door verticale expansie te beheersen en 

ongelijke effecten in een landschap te creëren. Toekomstig onderzoek zal moeten 

aantonen of sterk verschillende densiteiten effectief voorkomen binnen verschillende 

delen van een aggregatie. Populatiedynamiek beïnvloedt de intensiteit van autogene 

engineering en creëert seizoensgebonden variatie in hun effect op mariene 

sedimenten door het bepalen van het gebied van stromingsobstructie. Dit kan ook 
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bijdragen tot de vorming van een onregelmatige verspreiding, aanvullend op 

gradiënten in densiteit tussen delen van een aggregatie. In het bijzonder lijken de 

processen met betrekking tot de kolonisatie en rekrutering van juvenielen het 

grootste aandeel te hebben in de vorming van kleinschalige ruimtelijke patronen in 

landschappen waar L. conchilega voorkomt. We veronderstellen dat deze processen 

densiteitsgradiënten doen ontstaan als gevolg van de interactie met 

hydrodynamische invloeden, en/of dat de aanwezigheid van adulte organismen die 

deze interacties versterken door hydrodynamische invloeden af te zwakken. Deze 

hypotheses kunnen als leidraad voor toekomstig onderzoek dienen. 
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Résumé 

En 1994, Jones et co-auteurs définirent le terme “ingénieurs d’écosystème” afin de 

décrire tout organisme capable de moduler l’allocation de ressources à d’autres 

espèces en changeant les propriétés et/ou processus biotiques et/ou abiotiques de 

l’environnement. Ces organismes peuvent impacter largement les écosystèmes en 

modulant leur habitat. Un exemple est le castor (Castor sp.). Cette espèce construit 

des barrages sur des rivières, qui interrompent le flux d’eau et causent des 

inondations, ayant pour conséquence le changement de conditions environnantes, 

affectant ainsi la composition des espèces à travers le paysage. Les castors sont 

considérés des espèces-ingénieur (ou ingénieurs d’écosystème) allogéniques, c’est-

à-dire des organismes qui changent l’environnement au travers de leurs actions 

(dans le cas présent, la construction de barrages). D’autres espèces peuvent causer 

des changements simplement par leur présence, et sont alors appelées des 

espèces-ingénieur autogéniques. Les organismes constructeurs de récifs 

appartiennent à cette dernière catégorie, fournissant une structure complexe 

présentant une myriade de micro-habitats et conditions à d’autres espèces 

présentes. Les constructions calcaires engendrées par les récifs coralliens, par 

exemple, offrent une abondance de ressources capable de maintenir de vastes 

réseaux trophiques ainsi qu’une biodiversité extrêmement élevée. Les 

environnements marins et côtiers présentent une pléthore d’organismes pouvant être 

considérés ingénieurs d’écosystème.  Les raies pastenague, par exemple, créent des 

puits d’alimentation qui servent d’abri; les crabes de mangrove font des terriers qui la 

biogéochimie du sédiment utilisé par les communautés microbiennes, et les touffes 

d’herbes en zone marécageuse régulent les flux d’eau, créant ainsi des micro-

habitats distincts dans les auvents pour d’autres espèces. Cette thèse se concentre 

l’étude d’un organisme ingénieur présent en environnement côtier, le polychète 

Tubicole sédentaire, Lanice conchilega. 

Lanice conchilega est un ver térebellide qui construit des agrégats de tubes. Ces 

derniers peuvent être considérés des récifs dus à leurs effets sur les caractéristiques 

biotiques et abiotiques de l’environnement. Les massifs de Lanice conchilega ont un 

effet d’ingénierie autogénique sur le sédiment marin en atténuant l’écoulement de 

l’eau lorsqu’elle traverse les réseaux de tubes. Cela affecte localement le régime 

sédimentaire et réduit le stress hydrodynamique dans ces agrégations. Les 

changements imposés par L. conchilega peuvent entrainer des micro-conditions au 
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centre de ces agrégats distinctes de celles des habitats environnants, contribuant 

souvent à la richesse et abondance importance d’espèces. Les effets autogéniques 

de L. conchilega peuvent varier dans le temps et l’espace. Les agrégations peuvent 

présenter des distributions inégales et une modification alternée du paysage, 

augmentant ainsi l’hétérogénéité spatiale. Elles peuvent également être éphémères, 

et disparaitre lors de moments de stress environnemental élevé,  comme en hiver. 

Bien que des recherches antérieures aient grandement contribué à notre 

compréhension de la façon dont cet organisme modifie les sédiments marins, 

plusieurs lacunes dans ce domaine ont été abordées dans cette thèse. Ces lacunes 

sont résumées ultérieurement, et leur description détaillée peut être trouvée dans le 

chapitre 1, ainsi que la description des lieux et de l’organisme d’étude. Notre 

objectif principal était d’élucider le rôle des dynamiques de la population sur 

les effets d’ingénierie ainsi que sur la formation et la décomposition des 

agrégations de L. conchilega en zone intertidale. Nous nous sommes concentrés 

sur une population intertidale de L. conchilega comme cas d’étude, située sur la 

plage de sable de Boulogne-sur-Mer (Nord Pas-de-Calais, France). Nous avons 

effectué des expériences à court terme, un suivi à moyen terme (c-à-d. 1.5 ans), de 

la télédétection ainsi que de la modélisation écologique afin de répondre à notre 

question. Ce qui suit est un résumé du travail exécuté pour cette thèse. 

Plusieurs études utilisant des modèles de simulation suggèrent que l’atténuation du 

débit par les récifs de L. conchilega est un processus dépendant de la densité dans 

lequel les agrégations de haute densité réduisent le flux de façon plus importante 

que les agrégations moins denses. Cette relation est probablement non linéaire, 

c’est-à-dire que la réduction du débit devrait cesser d’intensifier après un seuil défini 

de densité. Néanmoins, un mécanisme hypothétique d’expansion verticale de L. 

conchilega a également été proposé par l’étude mentionnée ci-dessus. Les dépôts 

de sédiments fins élevés générés par l’ingénierie autogénique peuvent déclencher 

l’accrétion de tube, causant alors l’expansion verticale d’une agrégation et ainsi une 

d’autres dépôts de sédiments fins en hauteur. Cette hypothèse est testée dans le 

chapitre 2, où nous avons étudié les effets d’ingénierie autogénique des agrégations 

de Lanice conchilega à travers des expériences à court terme. Les estimations 

hebdomadaires in-situ des propriétés sédimentaires ont révélé que les récifs de L. 

conchilega ayant une densité comprise entre 3 200 et 16 318 ind·m-2 ont des 

propriétés de sédimentation significativement différentes de celles des zones de 

sable nu. Cependant, ces propriétés ne varient pas dans cet intervalle de densité, 
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indiquant donc une relation non-linéaire entre l’atténuation du débit et la densité des 

agrégations. 

L’analyse in-situ de la densité en L. conchilega et d’une variété de facteurs 

environnementaux pendant 3 semaines a relevé des tendances temporelles 

marginalement différentes entre le centre et les bords des agrégations suite à une 

perturbation naturelle (c-à-d. tempête). Cela indique la présence possible de 

gradients au sein des agrégations pouvant contribuer à la formation de distributions 

inégales. Enfin, une expérience de laboratoire a révélé des taux de mortalité 

significativement plus élevés et une activité de construction de tubes en présence de 

dépôts de sédiments entre 5 et 12 cm de hauteur de colonne. Ces résultats sont en 

accord avec l’hypothèse d’accrétion verticale présentée précédemment, ce qui 

suggère qu'un retour positif entre la sédimentation et l'activité de construction de 

tubes peut entraîner une expansion verticale. Cependant, cette dernière peut être 

limitée par la mortalité induite par le dépôt. 

Les dimensions ainsi que la hauteur en saillie du tube au-dessus du sédiment 

déterminent l’impact des agrégations de tube de polychètes en tant qu’ingénieur 

d’écosystème en changeant l’aire totale obturant le flux d’eau. Au cours de leur 

développement, les individus de L. conchilega peuvent croître de <1mm à environ 5-

6 mm dans le diamètre du tube intérieur. À mesure que la domination de la 

population passe d’une majorité de juvéniles à une majorité d’adultes, on peut 

s'attendre à ce que l’aire d'obstruction de flux par l’agrégation change. En tant que 

tel, les dynamique et structure démographiques peuvent avoir un impact sur les 

effets de l'ingénierie autogénique. Des études précédentes ont abordé la relation 

entre les effets d’ingénierie et les caractéristiques physiques des tubes, lors 

d’expériences utilisant des tubes de simulation et des modélisations écologiques. 

Cependant, un manque de connaissance persistait concernant le rôle du 

changement de dimension des tubes, et les fluctuations saisonnières de densité, car 

les populations in-situ n’avaient pas été prises en compte. Ceci a été abordé dans le 

chapitre 3, dans lequel nous avons étudié l’évolution saisonnière de la dynamique 

de population ainsi que des effets d’ingénierie de la population intertidale de notre 

cas d’étude. Le suivi in-situ de 1.5 ans a révélé deux périodes de recrutement de 

larves: l’une au printemps (en avril) et l’autre en automne (pendant Septembre-

Octobre). Le recrutement de printemps était plus important (environ 30 000 ind·m-2) 

que celui d’automne (environ 4 000 ind·m-2), et la densité élevée était due à des 
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conditions environnementales précises. Cela indique que les processus 

démographiques peuvent être responsables, selon les périodes, d’effets d’ingénierie 

écosystémique plus prononcés. Néanmoins, une mortalité massive a 

considérablement réduit la densité de la population pendant l'hiver. Cette dernière a 

cependant persisté, probablement en raison du recrutement d’individus appartenant 

à d’autres populations, associés aux dynamiques de court et long-terme. 

Lanice conchilega présente souvent une distribution inégale ou fragmentée sur une 

petite échelle, augmentant ainsi l’hétérogénéité spatiale de l’environnement 

constituant une partie de leur valeur écologique. Leurs massifs de tubes multiplient 

les possibilités d’habitat aux espèces associées, permettant alors une richesse et 

abondance d’espèces plus élevée, comme indiqué auparavant. Des études 

ultérieures se sont concentrées sur les aspects de dynamique des populations et les 

effets d’ingénierie de l’écosystème, mais n’ont pas su considérer les dynamiques à la 

petite échelle. En conséquence, la distribution à petite échelle des agrégations de L. 

conchilega est mal connue malgré son importance. Ceci est certainement dû en 

partie aux difficultés de méthode d’échantillonnage traditionnel pour un 

échantillonnage adéquat de ces ecosystèmes hétérogènes aux résolutions requises 

(<1m). A ce jour et à notre connaissance, la caractérisation spatiale des distributions 

de L. conchilega sur une petite échelle n’a pas été étudiée ailleurs que lors de cette 

étude. Cette lacune est abordée dans le chapitre 4: notre population d’étude a été 

contrôlée pendant 1.5 ans à l’aide de photographie aérienne par un cerf-volant 

(KAP), ainsi que de  photogrammétrie numérique à basse altitude pour cartographier 

leur distribution à petite échelle à une résolution spatiale <0.5 m. Ces nouvelles 

méthodologies on permis la caractérisation à petite échelle des distributions spatiales 

de L. conchilega à une résolution sans précédent. La performance de cette méthode 

est analysée dans le chapitre 4. Nous avons observé trois modèles de distribution 

lors de notre étude: taches (patches), bancs (beds) et bancs interrompus. Leurs 

différentes morphologies indiquent des mécanismes distincts de formation. Les types 

de distribution ont été formés suite à des périodes de recrutement, ce qui suggère 

que les motifs observés sont une conséquence des interactions entre la colonisation 

larvaire et les conditions hydrodynamiques pendant cette période. Ces interactions 

sont ainsi probablement responsables de la variation entre types de distribution à 

l’échelle locale. 

Les schémas de distribution sont souvent le résultat de plusieurs mécanismes 
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fonctionnant en tandem. Pour cette raison, des processus supplémentaires de 

formation de modèles de distribution ont été considérés lors du développement de 

cette thèse. Ces processus comprennent notamment des interactions consommateur 

- ressource, dans le sens où la distribution d’un organisme est dictée par la présence 

de la ressource nécessaire à sa survie. Lanice conchilega est un organisme filtreur 

mais également détritivore, et consomme surtout des microorganismes présents 

dans la colonne d’eau ainsi qu’en surface sédimentaire. Des expériences avec flume 

suggèrent que l’alimentation par filtration de L. conchilega peut causer l’épuisement 

local de nutriments de la colonne d’eau, créant ainsi des gradients de concentration 

en nutriments pouvant avoir un impact sur les vers polychète en aval. De plus, 

l’alimentation par filtration peut être affectée par la compétition pour les ressources, 

comme cela a été démontré dans le cas de L. conchilega et l’huitre du Pacifique 

Crossostera gigas dans la Baie de Veys (France). A ce titre, nous avons exploré 

l’impact des interactions consommateur - ressource sur la dynamique de la 

population grâce à un modèle dans le chapitre 5. Un cadre de modélisation a été 

utilisé dû à la complexité de l’écologie alimentaire de L. conchilega, afin d’analyser 

les effets possibles de la limitation ainsi que de l’assimilation en nutriments sur la 

population. Des résultats préliminaires des simulations du modèle de population 

suggèrent une importance moindre des interactions consommateur - ressource sur la 

dynamique de densité de la population adulte de L. conchilega. Au cours de notre 

étude, la dynamique de la densité totale a été principalement influencée par 

l'intensité du recrutement et la mortalité subséquente. Ainsi, nos résultats 

préliminaires ont souligné l'importance du recrutement et de l'établissement de 

cohortes juvéniles pour la dynamique de la densité de population totale. 

Les connaissances acquises au cours de cette thèse sur la dynamique de population 

de L. conchilega et l'ingénierie autogénique dans le temps et l'espace ont été 

résumées et intégrées dans le chapitre 6. Ce dernier démontre l’importance des 

différentes échelles spatio-temporelles dans l’ingénierie de l’écosystème et explore 

leur rôle dans la distribution locale de L. conchilega. Ce chapitre aborde également 

les liens entre dynamique de population et ingénierie autogénique, ainsi que les 

mécanismes potentiels de distribution spatiale. Finalement, il discute comment nos 

résultats peuvent soutenir les approches de conservation de l’écosystème et 

présente des perspectives d’avenir pour ce sujet de recherche. 

En conclusion, nos résultats soutiennent une relation d’ingénierie non-linéaire entre 
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la densité en tubes et l’atténuation de flux d’eau, ce dernier cessant d’augmenter au-

delà d’une densité limite de 3 200 ind·m-2. La sédimentation peut effectivement 

contribuer à l’expansion verticale des agrégations de L. conchilega, mais une 

sédimentation excessive (catastrophique) peut également limiter cette expansion en 

provoquant des taux de mortalité élevée. Des gradients de densité au sein des récifs 

de L. conchilega peuvent contribuer à la formation de distributions inégales en 

modulant l’expansion verticale en plus de créer des effets d’ingénierie hétérogènes 

de l’environnement. Cependant, de plus amples recherches sont nécessaires afin de 

déterminer si des densités significativement distinctes se produisent entre portions 

d’une agrégation. La dynamique de la population influence l'intensité de l'ingénierie 

autogénique, créant des cycles saisonniers d'effets en modulant probablement la 

zone d'obstruction du flux. Cela peut également contribuer à la formation de 

distributions inégales en plus des gradients en densité entre les parties d'une 

agrégation. Cependant, il semble plus probable que les processus liés à 

l'établissement et au recrutement des larves aient une importance accrue dans la 

formation de schémas spatiaux à petite échelle dans des environnements peuplés de 

L. conchilega. Nous supposons que ces processus peuvent engendrer des gradients 

de densité en raison des influences du forçage hydrodynamique et / ou les améliorer 

en raison de la facilitation de la présence d'adultes par atténuation du forçage 

hydrodynamique. Ces mécanismes hypothétiques peuvent fournir d’orientation à des 

recherches futures. 



 
 

1. General introduction 
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The present chapter establishes the framework of this thesis by exploring the 

concept of ecosystem engineering, its manifestations across temporal and 

spatial scales, and presenting the study-case organism. Henceforth, the 

concept of organisms as ecosystem engineers is introduced as modulators 

of ecosystem biodiversity and functioning; two types of ecosystem engineers 

are differentiated by their mechanisms of action, i.e. autogenic and allogenic 

engineers. Examples are given that explore various engineering effects 

throughout different temporal and spatial scales. The study-case subject is 

introduced, the tube-building polychaete Lanice conchilega (Pallas, 1766). 

An extensive review of the available knowledge on L. conchilega temporal 

and spatial dynamics is produced, followed by a discussion on its ecological 

importance and conservation status under the current European policy 

framework. Lastly, the study site is introduced, followed by a summary of the 

research framework, including specific objectives and an outline of each 

chapter.  
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1.1. Ecosystem engineering 

Living organisms can influence ecosystem processes and properties by performing 

habitat modification through what is known as ‘ecosystem engineering’ (Romero et 

al., 2015). Ecosystem engineers are organisms that cause physical state changes in 

biotic and/or abiotic materials, modulating resource supply to other species (Jones et 

al., 1994). Although the term could be used to describe most living organisms, its use 

generally refers to those that substantially reduce environmental constraints to other 

species, enabling their survival (Crain and Bertness, 2006). For example, the beaver 

(i.e. Castor sp) (Wright et al., 2002). Beaver dams interrupt and/or hinder water flow 

in riverine systems, causing flooding of river banks and changing the hydrological 

regime of surrounding areas (Andersen and Shafroth, 2010). These hydrological 

changes may also modulate sediment biogeochemistry, affecting oxygenation, 

nutrient cycling, and microbial activity (e.g. Briggs et al., 2013). They may also affect 

sedimentary processes such as erosion and deposition, influencing landscape 

geomorphology (e.g. Butler and Malanson, 2005). Consequently, dam construction 

by beavers modulates natural resource supply to co-occurring species across the 

landscape, enabling and/or hindering the survival of several organisms, and changing 

species composition landscape-wide (e.g. Wright et al., 2002). The effect is of such 

intensity that the presence of beaver dams can convert entire ecosystems from river 

banks into wetlands, hence completely altering ecosystem functioning (e.g. Andersen 

and Shafroth, 2010; Wright et al., 2002). 

Habitat modification through resource modulation can be achieved in various ways, 

as such ecosystem engineers can be differentiated into two groups according to how 

they cause change (Jones et al., 1994). Beavers are allogenic engineers, that is, they 

cause change through their activities (i.e. dam building) (sensu Jones et al., 1994). 

Other organisms may cause change through mere presence, comprising the group of 

autogenic engineers (sensu Jones et al., 1994). Such is the case, for instance, of 

scleractinian corals and the reefs they build (Wild et al., 2011) (Fig 1.1A). Corals build 

complex calcareous structures (Kaiser et al., 2005), increasing spatial complexity at 

the sea bottom by providing a myriad of micro-habitats with different environmental 

conditions, expanding niche and habitat availability (Wild et al., 2011). Reef 

concretions affect sediment biogeochemistry by acting as substrate for a plethora of 

microbiota that enhances nitrogen-fixing and nutrient cycling (Fiore et al., 2010). 

Coral reefs also provide shelter to fish (Kerry and Bellwood, 2012) and serve as 
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substrate for larval settlement (Price, 2010), among other functions. As such, their 

presence indirectly enables the formation of biodiversity hotspots in shallow waters 

(Wild et al., 2011) with distinct biological communities from the surrounding 

environment (Rogers et al., 2014). 

The marine environment possesses a plethora of engineering examples from both 

allogenic and autogenic groups. Sting rays act as allogenic engineers by creating 

feeding pits in soft substrates that provide shelter for nearby organisms (O’Shea et 

al., 2012) (Fig 1.1B). Farmerfishes also behave as allogenic engineers by actively 

maintaining algae tufts on coral reefs (White and O’Donnell, 2010). This behaviour 

indirectly influences coral mortality rates and overall coral status by providing 

physical protection to the farmed areas (White and O’Donnell, 2010). Mangrove 

crabs allogenically engineer microbial communities in intertidal bottoms by 

modulating sediment biogeochemistry through burrow construction and maintenance 

(Kristensen, 2008) (Fig 1.1C). Lugworms, such as Arenicola marina (Volkenborn et 

al., 2007) allogenically modulate nutrients to benthic microbial communities by 

creating burrows that influence nutrient flow in the sediment. Deep-sea corals 

autogenically engineer soft bottoms in a similar fashion to shallow water corals, 

resulting in hotspots of biodiversity (Maynou and Cartes, 2012). Saltmarsh tussocks 

autogenically engineer benthic communities by modulating hydrodynamic flow (Balke 

et al., 2012), resulting in distinct micro-habitats within their canopies for other species 

(Bouma et al., 2008) (Fig 1.1D). 

Autogenic modulation of hydrodynamic conditions has been observed near and 

within several marine biogenic concretions in addition to the aforementioned. Similar 

engineering has also been observed for polychaete aggregations (Friedrichs et al., 

2000) and mussel beds (Drost, 2013), resulting in significant changes to benthic 

communities (e.g. Ataide et al., 2014; Borthagaray and Carranza, 2007). However, 

the effects of autogenic and allogenic engineers on the marine environment can be 

very distinct (Bouma et al., 2009b) (e.g. Pillay et al., 2011). Extensive biogenic 

structures built by benthic autogenic engineers often stimulate the development of 

epibenthic communities while hindering the growth of endobenthic organisms 

(Bouma et al., 2009b) (e.g. Pillay et al., 2011) (Fig 1.2A). As seen through the 

previous examples, autogenic concretions hinder sediment mixing, oxygenation and 

benthic nutrient cycling via flow attenuation, ameliorating hydrodynamic conditions at 

the epibenthic environment and stimulating these communities. Saltmarsh and 
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seagrass tussocks modulate water flow passing through shoots, creating varying 

hydrodynamic conditions within the canopies (e.g. Spartina sp - Balke et al., 2012, 

Zostera sp - Wilkie et al., 2012). These are associated to distinct benthic community 

assemblages (e.g. Bouma et al., 2008; Widdows et al., 2008b). Aggregations of tube-

building polychaetes entrap organic matter particles which stimulate the development 

of benthic meiofauna and microbial communities (Passarelli et al., 2012). They also 

attenuate water flow as it passes through tube arrays (Friedrichs et al., 2000), 

increasing fine particle deposition and enhancing local sediment stability (e.g. Ataide 

et al., 2014; Passarelli et al., 2012). 

 

 

Fig 1.1. Examples of marine ecosystem engineers. Scleractinian corals autogenically engineer 

the environment by building extensive and complex reefs that harbour high species richness 

and abundance (A) (photo by Jim Maragos/USFWS). The bluespotted ribbontail ray Taeniura 

lymma allogenically engineers soft bottoms by making feeding pits (B) (still extracted from 

footage by Chris Kidd). The Brazilian fiddler crab Uca maracoani allogenically engineers 

mangrove sediments through burrow construction and maintenance (C) (photo by Thays 

Emerenciano/GEEFAA). Saltmarsh tussocks autogenically engineer marsh ecosystems by 

forming tussocks which provide micro-habitats of various sedimentary and hydrodynamic 

conditions to other species (D) (photo adapted from Balke et al., 2012). 

 

The presence of allogenic engineers conversely enables the development of 

endobenthic organisms while inhibiting epibenthic proliferation (Bouma et al., 2009b) 

(e.g. Pillay et al., 2011) (Fig 1.2B). Their activities commonly rework soft sediments, 
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increasing oxygenation and improving nutrient cycling (Bouma et al., 2009b), which 

positively impacts endobenthic species. Burrowing engineers, such as the lugworm 

Arenicola marina, destabilize marine sediments during burrow construction and 

maintenance, inhibiting fine-particle accumulation and influencing the distribution of 

nutrients, organic matter and water content (Volkenborn et al., 2007). This 

bioturbation induces decreases of surficial microphytobenthos abundance 

(Volkenborn et al., 2007). In addition, burrow flushing by A. marina may also affect 

sediment biogeochemistry and pore water content (Volkenborn et al., 2010, 2007), 

creating micro-habitats with distinct benthic communities (Volkenborn et al., 2007). 

Similarly, burrow construction by mangrove crabs impacts sediment biogeochemistry 

through sediment reworking, causing increases in organic matter content through 

litter burial and changing nutrient profiles as well as sediment oxygenation 

(Kristensen, 2008). The pink ghost shrimp Callichirus kraussi – formerly known as 

Callianassa kraussi (Poore, 2010) – also allogenically engineers sandy sediments 

through burrow flushing (Pillay et al., 2007). This bioturbation loosens soft sediments 

(Pillay et al., 2011) and modulate microbial biofilm development at the surface (Pillay 

et al., 2007). Through its effect on microbial biofilms, C. kraussi indirectly influences 

macrofauna community assemblages which consume it (Pillay et al., 2008), as well 

as growth and abundance of grazing fishes (Pillay et al., 2012). 

 

 

Fig 1.2. Illustration of the epi–endo-exclusion hypothesis adapted from Bouma et al. (2009b). 

The presence of autogenic constructs on soft sediments stimulates epibenthic diversity while 

hindering the development of endobenthic communities (A). Conversely, increased sediment 

reworking by allogenic ecosystem engineers strongly hinders epibenthic establishment while 

stimulating endobenthic diversity (B). 
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The aforementioned examples show how the effects of autogenic and allogenic 

engineers on local environmental properties modulate biodiversity. It is worth noting 

that outcomes may vary to differences in effects on structural and functional 

biodiversity. Nevertheless, effects may also scale from the local to the landscape 

level, as initially seen with the beaver transforming riverine systems into wetlands or 

ponds through flooding (e.g. Andersen and Shafroth, 2010; Wright et al., 2002). In 

those cases, the presence of an ecosystem engineer determines geomorphology, 

biodiversity, and ecosystem functioning across the landscape (sensu Braeckman et 

al., 2014). These cases may constitute key species (sensu Paine, 1969) and their 

removal or addition may drastically change ecosystems. The term here refers to the 

definition of ‘keystone species’ first mentioned by Paine (1969) to describe the effect 

of predation by the starfish Pisaster ochraceus on its associated intertidal community 

structure. Keystone species are those with disproportionately large effects on the 

structure of associated communities relative to their abundance. Some ecosystem 

engineers may be considered keystone species due to the disproportionally large 

repercursions of their engineering – e.g. the presence of beavers in riparian zones 

altering plant communities (Wright et al., 2002). However, the two terms are not 

synonymous. Ecosystem engineering involves modulation of resources as means to 

cause change and affect associated species (sensu Jones et al., 1994). Conversely, 

keystone species may have crucial roles in structuring communities due to effects 

that do not stem from resource modulation via ecosystem engineering – e.g. sea 

otters top-down control of urchin populations, indirectly affecting kelp forests (Estes 

et al., 1998). Nevertheless, differentiating between previously considered keystone 

species that are also ecosystem engineers and ones that are not remains difficult 

since the two terms are often entwined. 

For example, the introduction of beavers into arid ecosystems can improve water 

retention across large portions of the landscape, affecting the surrounding flora 

composition (e.g. Andersen and Shafroth, 2010). In addition, the increased 

sedimentation caused by beaver damming upstream can completely alter landscape 

geomorphology (e.g. Andersen and Shafroth, 2010). In the marine realm, flow 

modulation by saltmarsh tussocks can significantly impact erosion/deposition 

processes (Balke et al., 2012), improving sediment retention and countering erosion 

in the coastal zone while shaping its geomorphology (e.g. Wang et al., 2008; 

Widdows et al., 2008b). Thus, the presence of seagrass or saltmarsh tussocks can 

contribute to coastal protection (e.g. Bouma et al., 2005; Widdows et al., 2008a, 
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2008b). Due to these and other substantial effects on ecosystem functioning, 

ecosystem engineers are considered important conservation targets (Braeckman et 

al., 2014). 

One major goal in conservation research is to predict the consequences of biotic 

and/or abiotic changes on ecosystem health and functioning. In order to achieve that 

goal we must understand how organisms interact with the ecosystem and be able to 

predict how those interactions influence landscapes (Crain and Bertness, 2006). 

Despite general trends, ecosystem engineering effects are situational and hard to 

predict. For example, marsh tussocks affect hydrodynamic flow as it passes through 

the canopy (Balke et al., 2012), often resulting on sediment stabilisation (e.g. Wang 

et al., 2008; Widdows et al., 2008b). However, the final outcome of flow modulation 

may vary, depending on other factors than just presence – i.e. tussock density 

(Bouma et al., 2009a), granulometry and coastal slope (Balke et al., 2012). 

Engineering effects may vary according to physical properties of the engineered 

structure as well as baseline environmental characteristics, that is, environmental 

properties in the absence of the engineer (sensu Gutiérrez et al., 2011). Engineering 

effects in the marine environment may depend on the local environmental context 

(e.g. sediment characteristics and hydrodynamic conditions) as well as density and 

distribution of the engineering species (Gutiérrez et al., 2011). Autogenic engineering 

by organisms such as the aforementioned saltmarsh grasses (Balke et al., 2012) and 

tube-building polychaetes (Borsje et al., 2014) modulate water currents, producing 

varying effects depending on protrusion height as well as surface area (Eckman et 

al., 1981). Furthermore, characteristics such as organism size and/or population 

composition can also influence the outcome of engineering. For example, body size 

and density in polychaete aggregations determine the area of flow obstruction, 

dictating the autogenic engineering effect (e.g. Eckman et al., 1981; Friedrichs et al., 

2000; Luckenbach, 1986). Although the role of these features is yet to be explored for 

allogenic engineering, it can be hypothesised that it affects its outcomes also. 

Predicting engineering outcomes may also be encumbered by scaling through time 

and space (Hastings et al., 2007). Time scales must be considered when evaluating 

engineering outcomes as effects may occupy distinct time scales. For example, 

autogenic engineering from coral reefs (e.g. Wild et al., 2011) generally operates at 

much longer time scales than that from polychaete aggregations (e.g. Friedrichs et 

al., 2000) or saltmarsh grasses (e.g. Bouma et al., 2009a). Additionally, effects may 
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also change over time, such as that of decaying beaver dams which result in different 

levels of flooding and geomorphological effects over time (e.g. Butler and Malanson, 

2005). Nevertheless, engineering outcomes also often encompass the repercussions 

of localised effects that scale through space (Hastings et al., 2007). For example, 

although saltmarsh tussocks engineers sediments in a local scale by modulating 

hydrodynamic flow between its stalks (Bouma et al., 2009a), its effects are realised at 

larger scales than the aggregation through its indirect influence on erosion/deposition 

in surrounding areas (Balke et al., 2012). Furthermore, when visualised at the 

landscape scale, its engineering effects on erosion/sedimentation regimes may 

dictate coastal geomorphology (e.g. Wang et al., 2008). Thus, predicting the outcome 

of ecosystem engineering requires its investigation under varying conditions, across 

both spatial and temporal scales (Hastings et al., 2007). 

1.2. Ecosystem engineering and time scales  

Modifications by ecosystem engineers can persist through varying scales of time, 

potentially outliving the ecosystem engineer (Hastings et al., 2007). Part of the 

ecological value of some ecosystem engineers lies on the longevity of their 

modifications (i.e. effect persistence through time) (sensu Hastings et al., 2007). For 

example, calcareous reefs built by scleractinian corals have a very high conservation 

value in part because of the long persistence of their effects on landscape 

biodiversity. These calcareous concretions remain long after the corals are dead 

(Kaiser et al., 2005), contributing to ecosystem health by sustaining high habitat 

complexity, species richness and abundance for centuries if undisturbed (Rogers et 

al., 2014). Similarly, beaver dams can continue to alter the landscape through the 

modulation of hydrological processes long after the beaver has abandoned it (e.g. 

Andersen and Shafroth, 2010). Empty shells from marine organisms will continue to 

introduce complexity into benthic environments for hundreds of years after 

organismal death (Gutiérrez et al., 2003). However, although effect longevity is 

considered a crucial feature when evaluating ecological value, it is not the only one to 

be considered (Hastings et al., 2007). 

Engineering effects may also change over time due to variation in environmental 

properties and/or decay of the engineering effect. Intact beaver dams cause more 

flooding and higher sediment retention than decaying structures, causing a different 

set of changes to the environment (Butler and Malanson, 2005). Feeding pits made 

by sting rays only last for a few days (e.g. O’Shea et al., 2012), resulting in 
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ephemeral landscape geomorphological changes. Additionally, engineering effects 

may also vary with population processes, such as density fluctuations and 

demographic evolution, at short temporal scales (i.e. months) (Hastings et al., 2007). 

Naturally, the growth of marine autogenic engineers impacts their effects on marine 

environments by causing variations in aggregation/concretion size and porosity as 

populations undergo phases of development, ultimately dictating the area of flow 

obstruction (Eckman et al., 1981). For example, species composition and community 

structure inside reefs of the tube-building polychaete Sabellaria sp differ among reef 

development phases (e.g. Dubois et al., 2002; Polgar et al., 2015) likely due to 

fluctuations in Sabellaria sp presence and density influencing their autogenic 

engineering effects (e.g. Eckman et al., 1981; Friedrichs et al., 2000; Luckenbach, 

1986). As previously mentioned, density fluctuations in marsh tussocks influence 

their engineering effect on local hydrodynamic conditions, and consequently 

sedimentary conditions (Balke et al., 2012). Density fluctuations in freshwater mussel 

beds can induce substrate erosion, affecting its engineering effect on landscape 

topography (e.g. Allen and Vaughn, 2011). Conversely, it may be expected that as 

marine allogenic engineers grow, they may impact larger areas, or deeper layers of 

sediment. Thus, research into marine ecosystem engineers should explicitly consider 

temporal scales to investigate engineering effects. 

1.3. Ecosystem engineering and spatial scales 

One of the main challenges in ecological research is to clarify how small-scale 

processes relate to landscape-level processes and ecosystem functioning (Dittmann, 

1999). Organisms can be seen as discrete entities interacting with biotic and abiotic 

factors of the surrounding environment. These interactions may result in intricate 

spatial patterns that delineate the landscape (Levin, 1992). Attempting to discover the 

mechanisms driving spatial pattern formation, thus, is of paramount importance 

(Levin, 1992). The environment plays a crucial role in the latter, and this is especially 

true in coastal environments wherein environmental gradients are steep and often 

result in zonation patterns (Kaiser et al., 2005). Zonation patterns form due to 

limitations imposed on species-specific physiological tolerance ranges to abiotic 

factors and/or biotic interactions (Kaiser et al., 2005). For example, air exposure 

gradients limit the distribution of macro algae and filter-feeding invertebrates with low 

resistance to desiccation (e.g. Christofoletti et al., 2011). Thermal stress from air 

exposure can also influence the distribution of the barnacle Semibalanus balanoides 
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(e.g. Leonard et al., 1999). Biotic interactions may also limit species distributions 

(Kaiser et al., 2005). Competition for space between the barnacles Chthamalus 

stellatus and Balanus balanoides (e.g. Connell, 1961), and between mussels and 

macroalgae (e.g. Reichert et al., 2008) limits these species to distinct bands on the 

intertidal. Preying of the snail formerly named Thais lapillus on the barnacle 

Chthamalus stellatus (e.g. Connell, 1961) and of the green crab Carcinus maenus on 

the barnacle Semibalanus balanoides (e.g. Leonard et al., 1999) may restrict the 

distributions of both prey species, contributing to patterning. Nevertheless, pattern 

formation is frequently context- and/or scale-dependent and combinations of various 

drivers can result in spatial patterns (Crain and Bertness, 2006) (e.g. Christofoletti et 

al., 2011; Connell, 1961; Leonard et al., 1999; Reichert et al., 2008). 

Spatial patterns in the marine and coastal environments are most often determined 

by multiple drivers through various mechanisms (Levin, 1992). Presently, we restrict 

ourselves to examples on distributions of ecosystem engineers, as these are most 

closely related to the scope of this thesis. Ecosystem engineering can create and/or 

exacerbate environmental gradients (Crain and Bertness, 2006). In turn, fluctuations 

in environmental conditions may cause fluctuations of engineering effects across 

space (Hastings et al., 2007) in addition to creating physiological stress (see 

aforementioned examples). This interplay between ecosystem engineering and 

environmental gradients is very apparent when considering autogenic engineers, 

such as scleractinian corals, marsh grasses, mussels, and tube-building polychaetes. 

As previously mentioned, scleractinian corals create complex calcareous reefs 

providing various micro-habitats (e.g. Wild et al., 2011), while mussels (e.g. 

Borthagaray and Carranza, 2007), saltmarsh grasses (e.g. Bouma et al., 2008) and 

polychaetes (e.g. Polgar et al., 2015) form aggregations that provide various 

environmental conditions, enabling the survival of several benthic species. Due to the 

often patchy distribution of their aggregations and/or concretions, their presence also 

generates spatial patterns of biodiversity in patchwork landscapes and increasing 

spatial heterogeneity (Archambault and Bourget, 1996). Spatial heterogeneity is 

commonly positively associated to landscape biodiversity, species richness, 

abundance and biomass (e.g. Archambault and Bourget, 1996; de Souza Júnior et 

al., 2014; Godet et al., 2011; Liu et al., 2014), all of which affect ecosystem 

functioning (Buhl-Mortensen et al., 2010). As such, understanding the interactions 

between ecosystem engineers and spatial gradients is crucial to realising the 
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outcomes of ecosystem engineering effects across a landscape (Crain and Bertness, 

2006). 

 The species distribution of many sessile autogenic engineers is largely determined 

by larval settlement (Bhaud, 2000) – e.g. recruitment delimits early spatial patterns of 

the barnacle Semibalanus balanoides (Leonard et al., 1999). As such, settlement 

success is susceptible to influences from any environmental process and/or 

anthropogenic activity that may heterogeneously affect larval transport, supply in the 

water column, and mortality in the landscape (Bhaud, 2000). This is the case for 

several spawning organisms, such as the barnacle S. balanoides (e.g. Leonard et al., 

1999), corals (e.g. Price, 2010; Thomson et al., 2012) and tube-building worms (e.g. 

Dodd et al., 2009). Local flow dynamics can significantly influence larval supply and 

settlement of S. balanoides, influencing its distribution (e.g. Leonard et al., 1999). 

Settlement also depends on the ability of larvae to find suitable habitat within a 

limited period of time (e.g. Baird et al., 2003; Dodd et al., 2009). Oceanographic 

processes and changes in settlement cues affect recruitment and distribution (e.g. 

Baird et al., 2003; Dodd et al., 2009; Van Colen et al., 2009). Changes in light 

conditions may delay or promote early settlement of coral larvae as well as affect 

settlement density (e.g. Mundy and Babcock, 1998; Thomson et al., 2012); on the 

other hand, hard substrata availability limits the distribution of the tube-building 

polychaete Serpula vermicularis (Dodd et al., 2009), known to settle onto that type of 

substrate (Chapman et al., 2007). However, the majority of studies assessing drivers 

of distribution are executed at continental to regional scales (i.e. > 1km) and very little 

information is available on drivers of small-scale spatial pattern formation (i.e. few 

centimetres to 10m) for sessile marine organisms, one of the themes addressed by 

the current work. 

Known common mechanisms driving small-scale spatial pattern formation may 

include but are not restricted to consumer-resource interactions, disturbance-

recovery processes, and scale-dependent feedbacks (sensu Rietkerk and van de 

Koppel, 2008). The first encompasses distributions that are a result of fluctuations in 

resource availability (sensu Rietkerk and van de Koppel, 2008), such as the 

distribution of marsh plants (e.g. van de Koppel et al., 2006). The small-scale 

distribution of few marsh plants is associated to light availability, which is influenced 

by the presence and abundance of other plants and their canopy size (van de Koppel 

et al., 2006). These physiological needs result in inter-specific competition that 
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determines small-scale distributional patterns (van de Koppel et al., 2006). The 

second mechanism incorporates disturbance-recovery processes (sensu Guichard et 

al., 2003). Disturbances such as bottom trawling (e.g. benthic community - Olsgard et 

al., 2008), iceberg scouring (e.g. benthic community - Teixidó et al., 2007), oyster 

fishing (e.g. polychaetes - Dubois et al., 2002), or wave action (e.g. the California 

mussel Mytilus californianus - Guichard et al., 2003) can create fragmentation in the 

distribution of marine organisms by physically removing individuals. Sedimentary 

processes, such as erosion and sedimentation (e.g. saltmarsh grasses - Balke et al., 

2012; polychaetes - Polgar et al., 2015) may limit or stimulate proliferation across the 

environment, creating patchy landscapes. Recolonization processes may further 

change spatial patterns of species distribution. For example, gaps created by wave 

action in the small-scale distribution of M. californianus may be colonised by 

neighbouring conspecifics which move laterally to occupy the empty substrate 

(Guichard et al., 2003). 

The third mechanism encompasses feedback relationships that may stem from 

combinations of various processes and/or interactions (sensu Rietkerk and van de 

Koppel, 2008). As previously mentioned, while marine ecosystem engineers 

influence environmental properties and processes through resource modulation, 

these same properties and processes may influence their survival and distribution. 

Benthic communities are often modulated by feedback relationships between 

ecosystem engineers and the environmental conditions that they create (e.g. Bouma 

et al., 2009a; White and O’Donnell, 2010). Saltmarsh tussock formation is affected by 

feedback processes in addition to consumer-resource interactions (Balke et al., 

2012). Flow modulation during tussock formation is highly dependent on stalk density 

(Bouma et al., 2009a), influencing erosion and sedimentation in and around the 

tussock (Balke et al., 2012). These processes may limit and/or enable horizontal 

expansion depending on sheer stress (Balke et al., 2012). Mussel bed patterning 

comprises another example (Liu et al., 2014). Individual mussels gather and/or 

disperse as a function of animal density (van de Koppel et al., 2008) and food 

availability (Dolmer, 2000). At short spatial scales (i.e. <10cm), mussels group 

together likely due to gains in survival from predation and/or removal by currents (van 

de Koppel et al., 2005). Dispersal occurs when densities become large enough to 

deplete food in the water column above the cluster (van de Koppel et al., 2005). At 

larger scales (i.e. approx. 25m), gradients in food availability in the water column may 

develop between the areas above and adjacent to mussel aggregations due to 
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filtration pressure, creating long-range competition that results in banded patterns of 

distribution (van de Koppel et al., 2005). 

Mussel bed patterning is a self-organised process (van de Koppel et al., 2012), that is 

scale-dependent feedbacks result in regular spatial patterns (sensu Rietkerk and van 

de Koppel, 2008). Mussel density has short-range positive effects on mussel activity 

(van de Koppel et al., 2008), but as density increases, its effect on activity becomes 

negative (van de Koppel et al., 2008). Recent research suggests that many small-

scale patterns may be formed through self-organized processes – e.g. Bouma et al., 

2009a; Rietkerk and van de Koppel, 2008; van de Koppel et al., 2008; Weerman et 

al., 2010. The small-scale distribution of diatoms on the benthic-boundary layer is 

one such example in which scale-dependent interactions between sedimentation, 

diatom growth, and water flow redistribution result in regular distribution patterns 

(Weerman et al., 2010). Irregularities in coastal relief may create slightly elevated 

mounds where diatoms grow and produce extracellular polymeric substances (EPS) 

(Weerman et al., 2010). These substances increase sediment cohesion and 

decrease roughness (Lubarsky et al., 2010), enabling higher fine-particle deposition 

and ameliorating conditions for diatom growth in a positive feedback (Weerman et al., 

2010). Conversely, water may flow from higher elevation areas and accumulate in 

lower parts of the relief, hindering EPS accumulation as it is water soluble (Hubas et 

al., 2010) and limiting biofilm development as a negative feedback (Weerman et al., 

2010). Lastly, the patchy distribution of the autogenic engineer Spartina sp may also 

be considered a self-organized process (van de Koppel et al., 2012). Flow 

modulation by tussocks, create areas of heterogeneous erosion and deposition 

across the landscape which limit and/or hinder further establishment, dotting the 

landscape with tussocks (e.g. Balke et al., 2012; van de Koppel et al., 2012).  
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Fig 1.3. The terebellid worm Lanice conchilega (A, photo by Matthias Buschmann) is a sessile 

tube-builder. Its tube is a mosaic of fine-coarse sand grains, fragments of shells, urchin 

spines, and foraminifera skeletons glued together by mucus (B and C, photos by Renata M. S. 

Alves). In addition, tubes may be topped by a fringe (C). Lanice conchilega forms sand tube 

aggregations (D and E, photos by Renata M. S. Alves) on intertidal and subtidal soft sediment 

environments. 

1.4. Introducing the sandmason, Lanice conchilega 

The present work focuses on a particular coastal ecosystem engineer, the tube-

building worm Lanice conchilega (Pallas, 1766) (Fig 1.3A). Lanice conchilega is a 

polychaete belonging to the Terebellidae family (Read and Bellan, 2012). It is 

popularly known as the sandmason worm and is widely distributed along the coastal 

zones of the northern hemisphere, mainly the coasts of the North Atlantic and Pacific 

oceans (Hartmann-Schröder, 1996), as well as Europe (Godet et al., 2008; Holthe, 

1977). Lanice conchilega occurs in sandy and muddy 

marine sediments (Willems et al., 2008), in depths 

ranging between the intertidal zone and the 

bathypelagic area (approx. 1 900m deep) (Hartmann-

Schröder, 1996). This sessile terebellid builds biogenic 

tubes consisting of fine-coarse sand grains and 

fragments of foraminifera, sea urchin spines, shells, 

amongst other available materials (Hartmann-Schröder, 

1996; Ziegelmeir, 1952) (Fig 1.3B). Each tube is 

normally topped by sand fringes maintained by the 

worm (Fig 1.3C) (Van Hoey et al., 2006a). Lanice 

conchilega may group into biogenic aggregations 

consisting of trapped material between arrays of sand 

tubes (Ziegelmeir, 1952) (Fig 1.3D and E) (see defition 

of aggregations in table 1.1). These clusters have 

several functions within the ecosystem, such as 

providing food (e.g. De Smet et al., 2013; Petersen and 

Exo, 1999) and shelter (e.g. Rabaut et al., 2010) to 

associated species. They may reach densities up to 20 

000 ind·m-2 during recruitment (Buhr and Winter, 1976), 

protrude up to 16cm above the substrate (Rabaut et al., 

2009), and cover areas ranging from few centimetres to 

a max observed coverage of 15m2 (Degraer et al., 



17 
 

2008). 

Similarly to other tube-building polychaetes, L. conchilega aggregations autogenically 

engineer the environment (Borsje et al., 2014), modulating water flow as it passes 

through tube arrays (Friedrichs et al., 2000). Additionally, L. conchilega allogenically 

engineers the environment through tube irrigation (Braeckman et al., 2014). Water 

movement induced by piston-pumping oxygenates sediments, modulating nutrient 

concentrations (e.g. Braeckman et al., 2010; Forster and Graf, 1995) and affecting 

the vertical distribution of benthic fauna (Braeckman et al., 2011). The changes 

imposed by this polychaete affect both biotic and abiotic ecosystem properties, 

warranting it consideration as a conservation target (Godet et al., 2008). Its autogenic 

engineering enables the formation of ‘skimming flow’, a type of attenuated flow at the 

benthic-boundary layer (Friedrichs et al., 2000). This influences sedimentary 

processes, such as sedimentation and erosion, causing higher fine-particle 

deposition (Rabaut et al., 2007) and modulating surficial sediment composition 

(Rabaut et al., 2007). It also leads to higher sediment stability (Rabaut et al., 2009), 

thus contributing to coastal protection. The attenuated flow may also facilitate larval 

retention as less larvae are physically removed by currents (Rabaut et al., 2009), 

positively affecting benthic abundance and species richness (e.g. Callaway, 2006; De 

Smet et al., 2015; Rabaut et al., 2007). Nevertheless, akin to other autogenic 

engineers, this effect is density dependent (Borsje et al., 2014). 

Model simulations predict a minimum density threshold, past which tube 

aggregations strongly attenuate water flow at the benthic-boundary layer (Borsje et 

al., 2014) (Fig 1.4). Flow attenuation should intensify with tube density, generating 

increasingly higher sediment deposition up to another density threshold past which 

the effect ceases to significantly increase (Borsje et al., 2014) (Fig 1.4). Results from 

these simulations suggest that the increment in sedimentation should be able to 

sustain the vertical expansion of aggregations through a positive feedback (Borsje et 

al., 2014). Sediment deposition would trigger tube-building (Hartmann-Schröder, 

1996) (Fig 1.5A-C), which in turn would generate more sedimentation through 

autogenic engineering (Borsje et al., 2014) (Fig 1.5D). However, the existence of 

such process and its role in driving the vertical growth of L. conchilega aggregations 

remains hypothesised only, as there is no empirical evidence supporting this 

mechanism. This research gap is addressed in chapter 2 of this thesis, wherein 

three experiments explore the autogenic engineering effects of live L. conchilega on 
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sedimentary processes and the role of feedbacks in the vertical expansion of tube 

aggregations. 

 

 

Fig 1.4. Approximate relative flow velocity as assessed at 1cm above the sediment surface 

passing through a simulated L. conchilega bed 3.5cm in height (from the sediment surface). 

Flow velocity is attenuated non-linearly as it passes through aggregations of increasing tube 

densities (adapted from Fig 2 in Borsje et al., 2014). 

 

  

Fig 1.5. Illustration of the process for aggregation vertical expansion (as suggested by Borsje et 

al., 2014): (A) Water flow passing through L. conchilega tube aggregations is attenuated, 

increasing fine-sediment deposition; (B) L. conchilega aggregation may become partially/fully 

covered in sediment; (C) individuals increase tube accretion rate to escape burial; (D) expanded 

tubes attenuate water flow further, enabling additional sedimentation. 

 



19 
 

 

T
a

b
le

 1
.1

. 
K

e
y
 d

e
p

ic
ti
n

g
 d

if
fe

re
n

t 
ty

p
e
s
 o

f 
L

. 
c
o

n
c
h

ile
g

a
 b

io
g
e

n
ic

 m
o
u

n
d
s
 r

e
fe

rr
e

d
 t
o

 i
n

 t
h
is

 t
h

e
s
is

. 

A
g

g
re

g
a
ti
o

n
: 

R
e
fe

rs
 t

o
 a

n
y
 L

. 
c
o
n

c
h
ile

g
a

 c
o

n
g

lo
m

e
ra

te
 r

e
g

a
rd

le
s
s
 o

f 
s
iz

e
, 

tu
b
e

 d
e
n

s
it
y
, 

a
n

d
 e

ff
e
c
t 

o
n
 l

o
c
a

l 
b
io

ti
c
 

a
n

d
 a

b
io

ti
c
 e

n
v
ir

o
n
m

e
n
ta

l 
p

ro
p

e
rt

ie
s
. 

P
a

tc
h

: 
A

g
g

re
g

a
ti
o

n
 m

o
rp

h
o

ty
p

e
 t

h
a

t 
re

fe
rs

 t
o

 s
p

a
rs

e
, 

c
o

m
p
a

c
t,
 m

o
u

n
d

-s
h
a

p
e
d

, 
s
m

a
ll 

(i
.e

. 
a

p
p

ro
x
. 

<
 1

m
2
 

a
re

a
) 

L
. 

c
o

n
c
h

ile
g

a
 c

o
n
g

lo
m

e
ra

te
s
, 

re
g

a
rd

le
s
s
 o

f 
tu

b
e

 d
e

n
s
it
y
 a

n
d

 e
ff
e

c
t 

o
n

 l
o
c
a
l 

b
io

ti
c
 a

n
d

 a
b
io

ti
c
 

e
n

v
ir

o
n
m

e
n

ta
l 
p

ro
p

e
rt

ie
s
. 

B
e

d
/m

a
t:
 

A
g

g
re

g
a
ti
o

n
 m

o
rp

h
o

ty
p

e
 t

h
a

t 
re

fe
rs

 t
o
 c

o
n

ti
n

u
o
u

s
 L

. 
c
o

n
c
h

ile
g

a
 c

o
n

g
lo

m
e

ra
te

s
, 

c
o

v
e

ri
n

g
 e

x
te

n
s
iv

e
 

a
re

a
s
 

(i
.e

. 
a

p
p

ro
x
. 

>
 

1
m

2
),

 
re

g
a

rd
le

s
s
 

o
f 

tu
b

e
 

d
e

n
s
it
y
 

a
n

d
 

e
ff

e
c
t 

o
n

 
lo

c
a
l 

b
io

ti
c
 

a
n

d
 

a
b

io
ti
c
 

e
n

v
ir

o
n
m

e
n

ta
l 
p

ro
p

e
rt

ie
s
. 

In
te

rr
u
p

te
d

 b
e

d
/m

a
t:
 

A
g

g
re

g
a
ti
o

n
 m

o
rp

h
o
ty

p
e

 t
h
a

t 
re

fe
rs

 t
o

 L
. 

c
o

n
c
h

ile
g

a
 b

e
d
s
/m

a
ts

 (
s
e

e
 a

b
o

v
e

) 
w

it
h

 d
is

c
o
n

ti
n

u
it
ie

s
 i

n
 

c
o

v
e

ra
g

e
 a

n
d

/o
r 

s
p

re
a

d
 o

v
e

r 
th

e
 s

e
d

im
e

n
t 

s
u

rf
a

c
e

, 
re

g
a

rd
le

s
s
 o

f 
tu

b
e

 d
e

n
s
it
y
 a

n
d

 e
ff
e

c
t 

o
n

 l
o
c
a
l 

b
io

ti
c
 a

n
d

 a
b

io
ti
c
 e

n
v
ir

o
n
m

e
n

ta
l 
p

ro
p

e
rt

ie
s
. 

R
e
e

f:
 

R
e
fe

rs
 t

o
 L

. 
c
o

n
c
h
ile

g
a

 c
o

n
g

lo
m

e
ra

te
s
 s

h
o

w
n

 t
o

 p
o

s
s
e
s
s
 m

e
d

iu
m

-h
ig

h
 v

a
lu

e
 r

e
e

f-
lik

e
 c

h
a

ra
c
te

ri
s
ti
c
s
 

a
s
 s

u
g

g
e

s
te

d
 b

y
 R

a
b
a

u
t 

e
t 

a
l.
 (

2
0

0
9

),
 a

n
d
/o

r 
d
e

te
rm

in
e
d

 a
s
 a

 r
e

e
f 
b

y
 p

e
e

r-
re

v
ie

w
e

d
 s

tu
d
ie

s
. 

 



20 
 

1.5. Temporal aspects of L. conchilega ecosystem engineering 

Ecosystem engineering effects, as previously mentioned, often depend on the life-

span of the engineer, as well as the nature of the modifications and baseline 

environmental conditions (Gutiérrez et al., 2011). Lanice conchilega is a relatively 

short-lived ecosystem engineer. Its life span can range from 1 to 3 years (e.g. 

Beukema et al., 1978; Ropert and Dauvin, 2000; Van Hoey et al., 2006b). During that 

time, it goes through seven life phases (Kessler, 1963) - for further details on the life 

cycle of Lanice conchilega, the reader is referred to addendum I. Ecosystem 

engineering by L. conchilega is restricted to two of those, the sessile phases 

ecompassed by the juvenile and adult stages (Borsje et al., 2014). Although this 

period comprises the majority of its life-span (i.e. approx. 1-3 years), it also 

comprises a relatively short amount of time. Little is known about the role of short 

population dynamics on ecosystem engineering effects. Previous studies present 

conflicting observations for L. conchilega. In some cases engineering effects from L. 

conchilega aggregations persisted for a short span of time after the tube-dweller was 

gone (e.g. Callaway et al., 2010). In other cases, modifications such as mounds 

formed due to increased fine-sediment accumulation in L. conchilega aggregations 

persisted through paleontological scales of time (e.g. Carey, 1987). It is unclear why 

differences such as these occur, but previous research indicates that they likely result 

from fluctuations in population dynamics and their effect on autogenic engineering. 

Lanice conchilega density fluctuates seasonally with the majority of individuals dying 

off during moments of lower temperatures and limited primary production, that is 

winter (e.g. Buhr and Winter, 1976; Callaway et al., 2010; Carey, 1987; Ropert and 

Dauvin, 2000; Van Hoey et al., 2006b). Previous modelling studies show that the 

autogenic engineering by L. conchilega is very likely density-dependent (Borsje et al., 

2014) (illustrated in Fig 1.4 at sub-section 1.4). Thus fluctuations in density, such as 

the ones observed during population growth and disappearance, are expected to 

influence engineering effects (e.g. Borsje et al., 2014; Eckman et al., 1981; Friedrichs 

et al., 2000; Luckenbach, 1986), and probably account for differences in persistence 

amongst different populations.  

Another aspect of population dynamics that may impact autogenic engineering 

effects is the demographic structure of the population. During development, 

individuals grow from < 1mm to approx. 5-6mm in diameter (e.g. Bergman and Hup, 

1992; Kessler, 1963; Ropert and Dauvin, 2000; Van Hoey et al., 2006b). As 
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population dominance shifts from a majority of juveniles to adults, the area of 

obstruction per aggregation changes (sensu Eckman et al., 1981; Friedrichs et al., 

2000; Luckenbach, 1986). That is, population demographic structure changes within 

aggregations as L. conchilega individuals grow. That change in demographic 

composition implies that the population changes from a majority of small tubes to 

larger sand tubes which protrude further from the sediment surface. This should 

influence the intensity with which L. conchilega modulates hydrodynamic flow, as well 

as its allogenic effects on soft sediments. Previous research has addressed the 

relationship between engineering effects and physical characteristics of the tubes 

within the aggregation with experiments using mimic tubes (e.g. Passarelli et al., 

2012; Rabaut et al., 2009) and ecological modelling (Borsje et al., 2014). However, 

there is still a knowledge gap on the role of changing tube dimensions and seasonal 

density fluctuations as in-situ populations have not been considered. This is the gap 

addressed in chapter 3 of this thesis. In it, we explore temporal fluctuations of 

population demographic structure and secondary production of intertidal L. 

conchilega aggregations, as well as their effect on local environmental conditions. 

1.6. Spatial aspects of L. conchilega ecosystem engineering 

Lanice conchilega frequently displays a patchy or fragmented distribution, building 

biogenic concretions that can be structured as beds (Godet et al., 2009b) or patches 

(Degraer et al., 2008) (Fig 1.6) (see definitions in table 1.1). These may present reef-

like characteristics, having a significant effect on local biotic and abiotic properties 

(Rabaut et al., 2009) (see definition of reefs in table 1.1). The increased spatial 

heterogeneity produced by the presence of L. conchilega aggregations in the 

landscape is part of their ecological value as they expand habitat availability to 

associated species (Godet et al., 2008). Although previous research explored 

processes of formation and decay of L. conchilega populations in both intertidal (e.g. 

Callaway, 2003; Callaway et al., 2010; Ropert and Dauvin, 2000; Strasser and 

Pieloth, 2001) and subtidal conditions (e.g. Buhr and Winter, 1976; Van Hoey et al., 

2006b), very little is known about how this relates to their small-scale spatial patterns 

or how the latter form or decay. As sessile organisms, it is to be expected that a large 

portion of L. conchilega distribution results from larval settlement, recruitment, and 

factors modulating both (Bhaud, 2000). These population processes may largely 

explain regional- (e.g. Ayata et al., 2009; Strasser and Pieloth, 2001) and global-

scale distribution patterns (e.g. Benedetti-Cecchi et al., 2010) (Bhaud, 2000). 
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However, it is unclear whether they influence small-scale spatial pattern formation as 

well. 

 

 

Fig 1.6. Lanice conchilega patches and beds at the intertidal zone of the sandy beach in 

Boulogne-sur-mer, Nord-Pas-de-Calais -  France (photo by Renata M. S. Alves). 

 

Previous modelling simulations attempting to clarify the role of larval settlement and 

recruitment on distribution indicates that patterning of intertidal L. conchilega beds is 

likely determined by local hydrodynamic conditions during settlement and recruitment 

(Heuers et al., 1998). Lower current speeds should enable higher settlement and 

recruitment, whereas stronger currents should hinder these processes through 

animal removal and/or dislodgement (Heuers et al., 1998). Additionally, local 

hydrodynamic conditions are influenced by tube presence and/or other protruding 

structures (e.g. Callaway, 2003; Carey, 1987; Heuers et al., 1998; Rabaut et al., 

2009). Reduced hydrodynamic stress within tube arrays (Friedrichs et al., 2000) 

facilitates settlement locally (Callaway, 2003; Heuers et al., 1998; Rabaut et al., 

2009). This can constitute a feedback relationship between L. conchilega density and 

hydrodynamic stress, resulting in bed patterning. Nevertheless, other processes may 

also affect settlement in a spatially-explicit manner. Settlement may also be 

enhanced by substrate selection by larvae (e.g. red tube worm Serpula vermicularis, 

Chapman et al., 2007). Previously existing L. conchilega tube aggregations may 
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provide extra substrate for larval attachment (e.g. Callaway, 2003). Conspecifics in 

an aggregation may exude settlement cues (e.g. blue tube worm Spirobranchus 

cariniferus, Gosselin and Sewell, 2013). Local modulation of larval settlement and 

recruitment can also generate density gradients across the landscape (Heuers et al., 

1998), and consequently, heterogeneous ecosystem engineering (Borsje et al., 

2014). Thus, processes modulating larval settlement and recruitment may give rise to 

patches and/or fragmented beds (Heuers et al., 1998). 

The presence of protruding structures is not a requirement for settlement (e.g. 

Callaway et al., 2010; Strasser and Pieloth, 2001). In the absence of protruding 

structures, variation in coastal relief should produce similar effects (Heuers et al., 

1998). A modelling endeavour by Heuers et al. (1998) predicts that L. conchilega will 

accumulate in topographical depressions likely due to local hydrodynamic conditions. 

Animals in a depression would be subjected to tidal flushing during flooding and 

ebbing tides which homogenize food supply in the water column (Heuers et al., 1998) 

and stimulate filter-feeding (Denis et al., 2007). In-situ observations by Ropert and 

Dauvin (2000) corroborate a preference for topographical depressions likely due to 

interspersed moments of flushing and stagnation-induced retention, enabling 

population establishment. Nevertheless, these studies fail to characterize the 

evolution of L. conchilega small-scale spatial patterns, which may aid in the 

identification of potential mechanisms (pers. comm. van de Koppel). To the best of 

our knowledge, there are no studies investigating this topic. We address this gap in 

chapter 4, wherein an intertidal population is monitored for 1.5 years using kite aerial 

photography (KAP) and low-altitude digital photogrammetry to map their small-scale 

distribution (i.e. at a spatial resolution < 0.5m). 

Consumer-resource interactions (sensu Rietkerk and van de Koppel, 2008) may 

comprise another mechanism contributing to small-scale spatial patterns 

development in L. conchilega aggregations other than feedback relationships (sensu 

Rietkerk and van de Koppel, 2008). Lanice conchilega consumes microorganisms 

from the water column and/or surficial microphytobenthos, constituting a diet of 

mainly bacteria and microalgae, but also fragments of macroalgae (e.g. Braeckman 

et al., 2012; Lefebvre et al., 2009). As both a filter- (Buhr, 1976) and deposit-feeder 

(Ropert and Goulletquer, 2000), seasonal fluctuations of microbial community 

composition have been shown to affect the dietary constitution of L. conchilega (e.g. 

Braeckman et al., 2012; Lefebvre et al., 2009). Namely, the latter fluctuates in 
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synchrony with the aforementioned seasonal variations (e.g. Braeckman et al., 2012; 

Lefebvre et al., 2009). Dittmann (1999) suggests that L. conchilega is associated to 

areas of high productivity in regional scales (e.g. Dittmann, 1999; Van Hoey et al., 

2008), which suggests that primary production in the water column and sediment 

surface may influence mortality in that scale (Dittmann, 1999). As such, population 

disappearance during winter may be attributed to low primary production in addition 

to low temperature stress in both intertidal (e.g. Beukema, 1992; Callaway et al., 

2010; Carey, 1987; Günther and Niesel, 1999; Ropert and Dauvin, 2000; Strasser 

and Pieloth, 2001) and subtidal zones (e.g. Buhr and Winter, 1976; Van Hoey et al., 

2006b). It is likely that L. conchilega populations become limited by lack of food 

during these periods as the abundance of photosynthetic microorganisms declines in 

both the water column (Lefebvre et al., 2011) and sediment surface (Passarelli et al., 

2015). However, it is unclear whether food availability influences distribution 

patterning despite the important role it plays on population dynamics. 

Food limitation has the potential to drive spatially heterogeneous L. conchilega 

distributions by modulating mortality explicitly across the landscape, and augmenting 

the effect of pre-existing productivity gradients. Previous research provides 

indications on the potential mechanisms through which consumer-resource 

interactions may affect spatial pattern formation. Flume experiments suggest that 

filter-feeding by L. conchilega worms can cause local water column depletion, 

creating gradients in food concentration that may impact individual worms 

downstream (Denis et al., 2007). In-situ observations revealed interspecific 

competition for food between L. conchilega and the filter-feeding Pacific cupped 

oyster Crassostrea gigas in the Bay of Veys (Ropert and Goulletquer, 2000). 

Aquarium experiments revealed that deposit-feeding may be inhibited within dense 

tube aggregations since the mass of sand tubes can restrict access to the sediment 

surface (Buhr, 1976), potentially forcing animals to switch to filtration and stimulating 

intraspecific competition. Nevertheless, it is still difficult to assess the role of food 

availability and the two feeding modes on L. conchilega population dynamics. This 

remains a major research challenge as population dynamics may influence spatial 

pattern formation in L. conchilega beds. Unsurprisingly, evaluating such relationships 

empirically is highly complex. As such, we explore the impact of food availability on 

population dynamics through a modelling framework in chapter 5. An individual-

based model was employed to assess the role of both filter- and deposit-feeding 

behaviours on density dynamics of juvenile and adult L. conchilega. 
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Finally, L. conchilega small-scale distribution may also be affected by disturbance-

recovery processes as these are known to generate heterogeneity in the landscape 

level (sensu Rietkerk and van de Koppel, 2008). Lanice conchilega populations are 

susceptible to many impacts, such as fishing activities (Bergman and Hup, 1992), 

tourism (Godet et al., 2008), and aquaculture (Ropert and Goulletquer, 2000). These 

can have varying effects, influencing small-scale distribution. Previous research has 

shown that individuals can be removed and/or dislodged by beam-trawling activities 

that penetrate at least approx. 6-10cm into the sediment (Bergman and Hup, 1992). 

Significant reduction in population density has been observed as a result despite 

individual worms being able to retreat into their tubes to avoid physical damage 

(Bergman and Hup, 1992). If dislodged, worms may be able to re-establish 

elsewhere (Kessler, 1963). However, human impact is not included in the scope of 

the present work due to time and logistic limitations, but may be considered during 

the discussion of results. 

1.7. Conservation framework and the status of polychaete 

aggregations 

The legal framework for conservation efforts within the European Union is determined 

by two official documents, the Birds Directive (2009/147/EC) and the Habitats 

Directive (92/43/EEC) (Evans, 2006). Both documents list priority cases for 

conservation, and while the Birds Directive dictates the guidelines for conservation of 

European avifauna (The Council of The European Communities, 2009), the Habitats 

Directive lists European habitat types (also known as biotopes) prioritised for 

protection (The Council of The European Communities, 2007). Selected habitat types 

are protected by designating management and/or conservation status with the 

creation of special areas of conservation (SACs) and/ or sites of community interest 

(SCIs) (The Council of The European Communities, 2007). Priority habitat types 

and/or species are selected by member states (The Council of The European 

Communities, 2007) through identification using provided guidelines (Evans, 2006). 

Conservation of polychaete aggregations falls under the scope of the Habitats 

Directive as polychaete aggregations may be considered biogenic reefs (i.e. habitat 

type 1170) (Holt et al., 1998). The reef habitat type is defined within the Interpretation 

Manual of European Union Habitats (EUR28) as follows: 
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“Reefs can be either biogenic concretions or of geogenic origin. 

They are hard compact substrata on solid and soft bottoms, which 

arise from the sea floor in the sublittoral and littoral zone. Reefs 

may support a zonation of benthic communities of algae and animal 

species as well as concretions and corallogenic concretions.” 

   (European Commission DG Environment, 2013) 

 

Polychaete aggregations must meet these requirements to be considered reefs 

(European Commission DG Environment, 2013). Many polychaete species produce 

concretions that fit the reef habitat type – e.g. Sabellaria alveolata, Sabellaria 

spinulosa, and Serpula vermicularis (Holt et al., 1998). These species were evaluated 

in a study from 1998 and considered reef-builders, as such they are eligible for 

protection (Holt et al., 1998). The study by Holt et al. (1998) defined reef-builders as 

species that create structures through organism aggregation, rising significantly from 

the substrate (i.e. 20-75cm height), and/or clearly form distinct communities and/or 

habitats from their surroundings (Holt et al., 1998). Although L. conchilega 

aggregations height range is lower than the aforementioned (i.e. ~5cm to ~16cm in 

height), the aggregations can have significant effects on local environmental 

properties and biodiversity, gaining reef-like characteristics (Rabaut et al., 2009). 

Subtidal aggregations have been recognised as reef-habitat (associated to habitat 

type 1110) for SCI delineation (in the Belgian SAC Vlaamse Banken BEMNZ0001). 

Recent research has shown that L. conchilega is able to form very large aggregations 

with significant effects on local biodiversity and habitat characterisation (e.g. De Smet 

et al., 2015; Rabaut et al., 2009, 2007; Van Hoey et al., 2008). One famous example 

is the reef bed at the Bay of Mont-Saint-Michel (France) (Godet et al., 2008). 

However, intertidal aggregations may be ephemeral likely due to strong effects of 

environmental conditions and recruitment on their ability to establish and maintain 

reef-level populations (Callaway et al., 2010). Analysing the temporal stability of 

intertidal L. conchilega aggregations and engineering effects is a crucial component 

of the current work. As such, we discuss the repercussions of our assessments on L. 

conchilega conservation status in light of European conservation frameworks in 

chapter 6. In it, the results of all experiments and observations are juxtaposed and 

further discussed. 
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1.8. Study site 

All in-situ work in the present study took place on a portion of the intertidal zone of a 

sandy beach in Boulogne-sur-mer (Nord-Pas-De-Calais, France) (400309.649152E, 

5621211.02256N) (Fig 1.7) between June 2013 and August 2015. This stretch of 

coast consists of a sheltered pocket-beach delimited by a harbour wall from the port 

of Boulogne to the south, and a stone pier to the north (Fig 1.7) (Rabaut et al., 2008). 

The beach is subjected to a semi-diurnal tidal regime with sea level ranging between 

4m and 9m (Jouanneau et al., 2013). The site stretched across an area of approx. 

700m2 (Fig 1.7), with an exposure time of approximately 4h during each LWST 

(determined from tidal gauge data) (Service Hydrographique et Océanographique de 

la Marine - SHOM, 2015). The site was selected due to the presence of a thriving L. 

conchilega population as well as accessibility for sampling/experimentation. Intertidal 

L. conchilega aggregations were spread into two zones at the beginning of the study: 

The low intertidal area was located approx. 250m north of the harbour wall, as near 

as possible to the low water spring tide (LWST) limit (Fig 1.7). The high intertidal area 

comprised the uppermost limit of L. conchilega distribution at the site and was 

distanced by approx. 230m from the high water spring tide mark (HWST) (Fig 1.7) 

The area is also known for extensive subtidal aggregations (Rabaut et al., 2008), 

however, these were not included in the present research due to its low accessibility. 
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Fig 1.7. The study site (hashed rectangles) was located on the intertidal zone of the sandy 

beach in Boulogne-sur-mer (Nord-Pas-Des-Calais, France) (blue square). The low intertidal 

area was distanced approx. 250m from the Boulogne harbour wall and set as close as possible 

to the low water spring tide (LWST) mark. The high intertidal area was located at the uppermost 

limit of L. conchilega distribution at the site. 

 

1.9. Research framework and thesis outline 

Research on the ecology of Lanice conchilega is extensive since this tube-worm 

displays significant functional value, affecting multiple ecosystem compartments. 

Past research focused on investigating population ecology and the engineering 

effects of its tube aggregations on biotic and abiotic environmental properties, as well 

as consequences for associated communities. However, it remains unclear how L. 

conchilega reefs form, decay, and/or become patterned. The present study 

investigated potential mechanisms related to the aforementioned by focusing on 

small-scale processes influencing the population dynamics of this tube-dweller, and 

potentially affecting its distribution. In order to do so, the work was divided into 

several objectives, assessed specifically for the L. conchilega population on the 

intertidal sandy beach of Boulogne-sur-mer as our study-case. 

These objectives are: 



29 
 

1. Analyse the effects of population density variability on the autogenic 

ecosystem engineering of L. conchilega, its modulation of local sediment 

properties, and feedback effects on population dynamics at very short 

temporal scales. 

2. Evaluate the seasonal fluctuation of intertidal L. conchilega population 

dynamics and its modulation of autogenic ecosystem engineering effects 

through in-situ monitoring of the study-case intertidal aggregations and 

local sediment properties. 

3. Investigate the seasonal fluctuation of small-scale distribution patterns for 

the study-case intertidal L. conchilega aggregations through remote 

sensing surveys. 

4. Explore potential mechanisms influencing spatial pattern formation in the 

intertidal through population dynamics using a modelling approach. 

The combined objectives comprise an effort focused on population dynamics 

interactions with the environment and potential feedbacks. Each objective was 

addressed in a distinct chapter with specific methods and targeted discussion. 

Lanice conchilega is both an allogenic and autogenic ecosystem engineer. It 

allogenically engineers marine sediments through tube irrigation (Braeckman et al., 

2014), wherein piston-pumping increases sediment oxygenation and modulates 

nutrient concentrations (e.g. Braeckman et al., 2014; Forster and Graf, 1995). It also 

autogenically engineers marine sediments by attenuating water flow as it passes 

through its tube aggregations (Borsje et al., 2014), causing increased sedimentation 

of fine particles (e.g. De Smet et al., 2015; Rabaut et al., 2009). Model simulations 

indicate that the latter effect occurs as a function of aggregation tube density and 

likely has a nonlinear relationship to it, ceasing to intensify past a density threshold 

(Borsje et al., 2014). The aforementioned simulations also indicate that the vertical 

expansion of L. conchilega aggregations may occur via feedbacks between sediment 

deposition (from autogenic engineering) and tube accretion rates (Borsje et al., 

2014). In summary, the aforementioned study hypothesises that sedimentation from 

autogenic engineering, partially/fully buries L. conchilega tubes, triggering higher tube 

accretion rates and vertical expansion, which in turn cause further increases in 

sedimentation (Borsje et al., 2014). This hypothetical mechanism was explored in 

chapter 2, wherein we analysed the autogenic ecosystem engineering effects of L. 

conchilega on sedimentary processes and their feedback on population maintenance 
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and growth. This was investigated through experimental methods within a short 

temporal scale (i.e. 1 week). Objectives comprised: (1) to assess the effects of L. 

conchilega presence and density on erosion and deposition processes, (2) evaluate 

the influence of these processes on individual survival and tube-maintenance, and (3) 

assess whether population density displays small-scale spatially explicitly 

heterogeneity. Results have been published as: Alves RMS, Van Colen C, Vincx M, 

Vanaverbeke J, De Smet B, Guarini JM, Rabaut M, Bouma TJ. 2017. A case study 

on the growth of Lanice conchilega (Pallas, 1766) aggregations and their ecosystem 

engineering impact on sedimentary processes. Journal of Experimental Marine 

Biology and Ecology: 489, 15-23. DOI 10.1016/j.jembe.2017.01.005. 

Autogenic engineering by polychaete aggregations often depends on their tube 

density since it affects the area of flow obstruction in aggregations (Eckman et al., 

1981). Other features that impact the area of flow obstruction per aggregation include 

tube dimensions as well as protruding height above the sediment surface (Eckman et 

al., 1981). As such, individual tube sizes can affect the autogenic engineering effects 

of an aggregation. Lanice conchilega ranges in inner tube diameter from <1mm to 5-

6mm as it grows from juvenile to adult, varying in protruding height above the 

sediment as well (e.g. Callaway, 2003; Kessler, 1963; Ropert and Dauvin, 2000; Van 

Hoey et al., 2006b). As such, we expected that population dynamics and evolution of 

demographic structure would affect autogenic engineering effects by modulating the 

area of flow obstruction as populations develop and their demographic composition 

shifts from predominantly juvenile to predominantly adult. This was explored in 

chapter 3. The work involved in-situ monitoring of density and several indicators of 

autogenic engineering effects in 12 intertidal aggregations from June 2013 until 

November 2014 of intertidal aggregations. For each sampling event, we evaluated 

density, population structure, as well as local environmental properties to (1) 

investigate temporal patterns of L. conchilega population dynamics, and (2) assess 

how these patterns influence L. conchilega autogenic engineering of soft sediments. 

Results have been published as: Alves RMS, Vanaverbeke J, Bouma TJ, Guarini JM, 

Vincx M, Van Colen C. 2017. Effects of temporal fluctuation in population processes 

of intertidal Lanice conchilega (Pallas, 1766) aggregations on its ecosystem 

engineering. Estuarine, Coastal and Shelf Science: 188, 88-98. DOI 

10.1016/j.ecss.2017.02.012. 
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Mechanisms determining L. conchilega distribution and how its autogenic 

engineering may influence pattern formation were also unclear. Previous studies 

indicate that L. conchilega distribution may be influenced by hydrodynamic conditions 

at least at the spatial scale of 100-10m – e.g. Callaway, 2003; Heuers et al., 1998; 

Ropert and Dauvin, 2000). Hydrodynamic flow can influence settlement (Bhaud, 

2000) and establishment (e.g. Callaway, 2003; Heuers et al., 1998; Ropert and 

Dauvin, 2000) by dislodging or removing individuals. Additionally, settlement may be 

influenced by the presence of protruding structures and/or adult tube presence 

(Callaway, 2003) as these attenuate hydrodynamic flow (e.g. Callaway, 2003; Heuers 

et al., 1998; Rabaut et al., 2009). This implies that uneven relief and/or adult 

distribution should impact settlement variably across space by modulating flow. 

Although there have been several studies investigating population dynamics (see 

section 1.4 and 1.5), to the best of our knowledge there were no studies exploring the 

small-scale patterns of L. conchilega aggregations. Small-scale spatial patterns in L. 

conchilega aggregations and their temporal evolution are analysed through remote 

sensing in chapter 4. Intertidal L. conchilega aggregations were monitored during the 

aforementioned campaigns using kite aerial photography (KAP) and low altitude 

digital photogrammetry. The resulting imagery was used to assemble distribution 

maps and digital elevation models (i.e. 3D relief maps) for (1) assessment of the 

suitability of KAP and low-altitude digital photogrammetry methods to monitor the 

small-scale distribution of L. conchilega aggregations, (2) develop a detection 

protocol for remote identification of L. conchilega reefs, and (3) analyse the temporal 

evolution and persistence of small-scale spatial patterns in L. conchilega 

aggregations.  

Alternative mechanisms influencing distribution also include consumer-resource 

interactions (sensu Rietkerk and van de Koppel, 2008). Lanice conchilega is both a 

filter- (Buhr, 1976) and deposit-feeder (Ropert and Goulletquer, 2000), consuming 

mainly microorganisms from the water column and sediment surface (e.g. 

Braeckman et al., 2012; Lefebvre et al., 2009). Its filter-feeding behaviour is 

influenced by water flow speed, food availability and particle size (Denis et al., 2007); 

whereas its deposit-feeding may be hindered by high L. conchilega density impeding 

access to the sediment surface (Buhr, 1976). As such, fluctuations in density and/or 

hydrodynamic flow conditions can be expected to influence L. conchilega feeding 

through one or both of its feeding modes. Furthermore, L. conchilega is often present 

in areas of high productivity (e.g. Dittmann, 1999; Van Hoey et al., 2006b), and 



32 
 

during periods of low primary production and high thermal stress, such as winter, 

intertidal (e.g. Beukema, 1992; Callaway et al., 2010; Carey, 1987; Günther and 

Niesel, 1999; Ropert and Dauvin, 2000; Strasser and Pieloth, 2001) and subtidal 

populations decline (e.g. Buhr and Winter, 1976; Van Hoey et al., 2006b). This 

suggests that sustained high food availability may be necessary for establishment 

and/or population continuity. Thus, food availability fluctuations due to heterogeneous 

water flow can also be expected to influence population establishment unevenly 

across space, swaying its distribution. However, assessing the role of feeding and 

population dynamics on L. conchilega distribution is a complex task, and to the best 

of our knowledge it has not been investigated. This is likely because the task involves 

complex relationships between several ecosystem compartments in the benthic-

pelagic boundary. A population model simulation of a simplified intertidal system 

comprising nutrients, pelagic algae, microphytobenthos, juvenile, and adult L. 

conchilega was employed in chapter 5 to investigate the potential effects of (1) food 

availability and (2) varying food assimilation rates on cohort density dynamics. 

Chapter 6 comprises a general discussion, encompassing all obtained results and 

combining their discussions and conclusions so far. The chapter integrates existing 

knowledge and the new insights from this thesis to address the role of population 

dynamics on the temporal evolution of autogenic ecosystem engineering effects, and 

hypothesises on potential mechanisms for spatial pattern formation in Lanice 

conchilega aggregations based on previous and present findings. Lastly, we discuss 

how the insights obtained during the making of this thesis can aid and complement 

ecosystem-based management approaches for conservation efforts, and present 

prospects for future research. 

 

 



 
 

2. A case study on the growth of Lanice 

conchilega (Pallas, 1766) aggregations and their 

ecosystem engineering impact on sedimentary 

processes 

(slightly modified from the publication: Alves RMS, Van Colen C, Vincx M, Vanaverbeke J, De 

Smet B, Guarini J, Rabaut M, Bouma TJ (2017). A case study on the growth of Lanice 

conchilega (Pallas, 1766) aggregations and their ecosystem engineering impact on sedimentary 

processes. Journal of Experimental Marine Biology and Ecology, 489: 15-23. DOI 

10.1016/j.jembe.2017.01.005) 
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2.1. Abstract 

Ecosystem engineers are organisms that modulate natural resources enabling the 

survival of other species. They drive environmental change and contribute to several 

coastal functional attributes such as landscape heterogeneity, sedimentary 

processes, and coastal protection. Our study focuses on the case of Lanice 

conchilega, a tube-building ecosystem engineer whose aggregations impact 

sedimentary processes. This polychaete forms biogenic tube aggregations distributed 

on the coasts of the northern hemisphere from the shallow intertidal to depths of 1 

900m. The aggregations engineer sedimentary processes autogenically by altering 

water flow at the benthic-boundary layer, and harbor highly diverse infaunal 

communities as a consequence. This study evaluates the relationships between 

intertidal L. conchilega aggregations and sedimentary processes at the intertidal zone 

of a sandy beach in northern France. Three experiments were executed to 

investigate (1) the effects of L. conchilega presence on sedimentary processes, as 

well as (2) the impacts of sedimentation on L. conchilega survival and aggregation 

growth, and (3) assess small-scale spatial heterogeneity in density and ecosystem 

engineering in L. conchilega aggregations. Weekly estimations of sedimentary 

properties in-situ showed that net deposition is significantly higher inside L. 

conchilega aggregations than in bare sand; whereas sediment mixing depth is 

noticeably reduced in comparison and regardless of tidal height. Variations in tube 

density above 3 200 ind·m-2 did not significantly impact sedimentary properties 

suggesting that the relationship between flow attenuation and tube density is 

nonlinear. In-situ monitoring of L. conchilega aggregations revealed different 

temporal trends for tube density and EPS content at the sediment surface between 

the center and edges of aggregations. This hints at the presence of environmental 

gradients within aggregations that may cause small-scale spatial heterogeneity. 

Finally, laboratory experiments showed significantly higher mortality rates and tube 

building activity in the presence of sediment deposition between 5cm and 12cm in 

column height. Results are in agreement with previous research suggesting that a 

positive feedback between sedimentation and tube-building activity drives the vertical 

expansion of tube aggregations. However, vertical expansion may be limited by 

deposition-induced mortality, thereby controlling population abundance.  
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2.2. Introduction 

Ecosystem engineers are organisms that modify the environment, modulating natural 

resource availability directly or indirectly to other species (Jones et al., 1994). 

Although the term could be used to describe most living organisms, its use generally 

refers to those that substantially reduce environmental constraints to other species, 

enabling their survival (Crain and Bertness, 2006). A wide range of organisms 

engineer coastal environments and affect benthic, pelagic, terrestrial, and intertidal 

habitats (Gutiérrez et al., 2011). Reef-forming organisms (e.g. Dubois et al., 2002), 

seagrasses (e.g. Balke et al., 2012), and bivalves (e.g. Drost, 2013) are all examples 

of autogenic engineers (i.e. cause change through presence, Jones et al., 1997). 

Allogenic engineers include organisms whose activities are the source of change 

(Jones et al., 1997) (e.g. burrowing fauna, Volkenborn et al., 2007; and diatoms, 

Brouwer et al., 2005). Both types of engineers modulate key functional coastal 

attributes and processes, such as erosion/accretion (e.g. Friedrichs et al., 2000), 

sediment biogeochemistry (e.g. Volkenborn et al., 2007), habitat availability (e.g. 

Dubois et al., 2002) and complexity (e.g. Godet et al., 2011), as well as coastal 

protection (Gutiérrez et al., 2011), thus contributing to ecosystem maintenance (Crain 

and Bertness, 2006). 

This study focuses on the ecosystem engineering by tube aggregations of the 

terebellid polychaete Lanice conchilega (Pallas, 1766). This sessile tube-building 

worm is widely distributed along coastal zones of the northern hemisphere (OBIS, 

2015), particularly in Europe (Van Hoey et al., 2008). It occurs in sandy and muddy 

sediments (Willems et al., 2008) from the shallow intertidal to depths of 1 900m 

(Hartmann-Schröder, 1996) in biogenic tube aggregations (Godet et al., 2008). These 

consist of sand tube aggregations that protrude several centimeters above the 

substrate forming small mounds up to 16cm in height (Godet et al., 2008). Similarly to 

other tube aggregations, L. conchilega aggregations impact water currents locally 

and modulate sedimentary processes above certain tube density thresholds (Borsje 

et al., 2014). Furthermore, L. conchilega modulates sediment biogeochemistry 

through tube irrigation (Braeckman et al., 2014). A wealth of associated organisms 

and high local species richness can be found in L. conchilega aggregations (e.g. 

Callaway, 2006; De Smet et al., 2015; Rabaut et al., 2007). These have been 

attributed to its autogenic and allogenic engineering which positively affect 
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macrobenthic abundance and species richness as well as epi- and hyperbenthic 

abundances (De Smet et al., 2015). 

The presence of dense tube aggregations enables the formation of ‘skimming flow’, 

an attenuated laminar flow formed at the benthic-boundary layer as water passes 

through the sand tube arrays (Friedrichs et al., 2000). It facilitates fine sediment 

deposition (Rabaut et al., 2007) that triggers tube-building activity (Borsje et al., 

2014). Previous research predicts that flow attenuation intensifies with tube density 

and sustains the vertical expansion of tube aggregations through a positive feedback 

process (Borsje et al., 2014). Sediment deposition triggers tube-building activity, 

which in turn generates more sedimentation and contributes to the vertical expansion 

of tube aggregations (Borsje et al., 2014). This mechanism has been described 

through modeling (Borsje et al., 2014) and observed within several biogenic 

aggregations, such as seagrass beds (Widdows et al., 2008b), mussel mats (Wildish 

et al., 2008), and marsh vegetation (Bouma et al., 2009a). However, to date, its 

existence and role in driving L. conchilega aggregation growth is not supported by 

empirical evidence. 

Flow attenuation from autogenic engineering also contributes to coastal protection 

against erosion (Friedrichs et al., 2000) and facilitates larval retention as less larvae 

are physically removed from the aggregation (Rabaut et al., 2009). Wave attenuation 

inside polychaete tube aggregations is determined by aggregation size (Eckman et 

al., 1981), density (Friedrichs et al., 2000), distribution (Koch et al., 2009), and tube 

protruding height (Eckman et al., 1981). Common drivers of fragmentation include 

consumer-resource interactions, disturbance-recovery processes, and scale-

dependent feedbacks (Rietkerk and van de Koppel, 2008). Our study investigates 

spatial differences in aggregation properties as a consequence of susceptibility to 

wave action. In the case of L. conchilega aggregations, fragmentation may result 

from variation in microphytobenthos (MPB) abundance as it is one of its main food 

sources (Braeckman et al., 2012; Buhr, 1976). Tube density impacts the growth of 

MPB by modulating particulate organic matter and nutrient entrapment inside 

aggregations (Passarelli et al., 2012). Consequently, environmental gradients inside 

tube aggregations can impact polychaete populations leading to variations in MPB 

abundance and aggregation properties (e.g. Lejeune et al., 2002; Liu et al., 2014). 

This interaction should influence sediment stability and generate spatial 

heterogeneity by determining the concentration of extracellular polymeric substances 
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(EPS) in the sediment surface. EPS is produced by surficial microalgae in the MPB 

as a motility medium (Lind et al., 1997) and contribute to sediment cohesion and 

stability of marine sediments (Van Colen et al., 2014). 

The aforementioned mechanisms determine the effects of tube aggregations on 

sediment properties at the benthic-boundary layer, thereby generating spatial 

heterogeneity in habitat availability and complexity (Godet et al., 2011), and species 

richness for coastal landscapes (Godet et al., 2008). The current work investigates 

how intertidal Lanice conchilega aggregations affect sedimentary processes at a 

small scale and the potential feedbacks from these processes onto L. conchilega 

populations. Therefore, we investigate (1) the effects of L. conchilega presence on 

sedimentary processes, as well as (2) the impacts of sedimentation on L. conchilega 

survival and aggregation expansion, and (3) assess small-scale spatial heterogeneity 

in density and ecosystem engineering in L. conchilega aggregations. 

2.3. Methods 

2.3.1. Study site 

Two in-situ experiments and one laboratory experiment were executed to investigate 

the relationship between tube density and local sedimentary processes. The 

experiments were performed immediately after larval settlement (June 2013 and July 

2014) (Ropert and Dauvin, 2000) to increase the probability of finding aggregations 

that are distinct from its surroundings (Rabaut et al., 2009). The investigated 

populations were located on an intertidal sandy beach at Boulogne-sur-Mer (Nord 

Pas-de-Calais, France: 50.7345 N; 1.5881 E) (Fig 2.1). The study site is 

characterized by an average median grain size of 223.2 µm (SD: 10.6 µm) (see 

section 2.3.3 for more information), a slope of 0.063 (0.019 SD), and a tidal range of 

8.08m (SD: 0.21m) during the summer months (Service Hydrographique et 

Océanographique de la Marine, SHOM, 2015). 
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Fig 2.1. Map of the study site on the sandy beach of Boulogne-sur-Mer (France) depicting the 

experimental units for experiments in sections 2.3.2 and 2.3.3. Aggregations studied in section 

2.3.2 were distributed in two portions of the intertidal zone (higher and lower intertidal) and 

included L. conchilega aggregations of high and low densities as well as bare sand (Mean±SD). 

One aggregation of extreme density was excluded from statistical analyses (outlier). The plots 

studied in section 2.3.3 can be seen in the figure near the center and edges of two large 

aggregations (A1 and A2). 

 

2.3.2. Effects of L. conchilega  presence on sedimentary processes 

This experiment investigated the in-situ effect of tube density and aggregation tidal 

height on sedimentary processes for 5 days during June 2013. Two parameters were 

measured from 31 aggregations distributed on the intertidal zone of the study site: 

net deposition (ND) and sediment mixing depth (SMD) (adapted from Marion and 

Orth, 2012). Sediment mixing depth was measured as the distance in centimeters 

between the sediment surface and the depth at which there is no reworking due to 

wave action. Net deposition was defined as the difference between the sediment 
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column height inside cores at the start and the end of the experiment (i.e. the net 

amount of sediment (cm) deposited during the experiment). 

Estimations of ND and SMD were made using marked sediment cores distributed in-

situ between two portions of the intertidal with different tidal heights (lower and higher 

intertidal in Fig 2.1). The lower intertidal site was delineated as close to the mean low 

water spring tide as possible while still enabling sampling during the emersion period, 

whereas the higher intertidal site comprised the upper limit of the distribution of L. 

conchilega aggregations (Fig 2.1). The two areas were separated horizontally by 

approximately 50m, and vertically by approximately 0.5m (difference in inundation 

time of approx. 1h). 

Thirty one cores (Φ: 3.6cm x 33.0cm height) containing 30 layers of sediment with 

0.5cm thickness alternating between clean sand from the site (d50: 192µm) and 

white tracer sand (d50: 191µm) (Fig 2.2A) were prepared in laboratory. 

Subsequently, the cores were transported frozen to the study site and inserted into 

the center of 31 randomly chosen aggregations: 17 cores in the higher intertidal and 

14 cores in the lower intertidal (Fig 2.1). Tube density was estimated for these 

aggregations through quadrat counts (0.5m x 0.5m) of which 3 subdivisions (0.1m x 

0.1m) were assessed. Only fringed tubes were counted since L. conchilega maintains 

a healthy fringe at the top of its tube which is quickly removed by wave action once 

the animal dies (Van Hoey et al., 2006a). Three density classes were delineated 

according to the densities found in-situ at the time of the study: high (H, average: 13 

770, SD: 2 548 ind·m-2), low (L, average: 5 100, SD: 1 608 ind·m-2), and bare 

sediment (N, 0 ind.m-2) (Fig 2.1). Once the marked cores were deployed, the 

difference between the surface of each core and the sediment surface of their 

surroundings was measured with a ruler and called “initial offset” (cm) (Fig 2.2A). The 

cores were left buried for 5 days, i.e. 4 tidal cycles (Service Hydrographique et 

Océanographique de la Marine, SHOM, 2015) (Fig 2.2B), and extracted with the aid 

of an extraction core. Subsequently, they were transported to the lab and re-frozen 

until further analysis. In the lab, the frozen sediment was pushed out of the extraction 

core, and sectioned longitudinally with a knife. The number of missing layers from 

each core was counted and used to estimate sediment mixing depth (SMD, eq2.1) 

per core. The thickness of the layer between the surface of each core and the first 

observable marked layer was recorded as the “sampled offset” (Fig 2.2C) and used 

to calculate net deposition (ND, eq2.2) per core. 
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Fig 2.2. In-situ phases of the assessment of L. conchilega effects on sedimentary processes: 

Thirty one marked frozen cores were deployed in the center of aggregations at the study site 

and the initial offset between the core surface and the surface of the surrounding sediment was 

registered (A); the cores were exposed to the local tidal regime for 1 week (i.e. 8 semidiurnal 

tidal cycles) (B); cores were retrieved from the field with the aid of an extraction core (C) and 

transported to the lab for analyses. During analyses, the distance between the first observable 

layer of marked sediment and the surface of the core was estimated as “sampled offset” (C). 

 

The effects of L. conchilega presence on net deposition and sediment mixing depth 

were tested using 2-way ANOVAs type II each including the effects of aggregation 

tidal height. The effects of tube density on ND and SMD were also analyzed with 2-

way ANOVAs type I including tidal height. Assumptions of case independence, 

normality in the distribution of residuals, and homoscedasticity were confirmed in all 

tests. Tube density in core #05 (i.e. 21 700 ind·m-2) deployed in the lower intertidal 

deviated markedly from the average density of aggregations in the high density class 

(i.e. 13 770 ± 2 548 ind·m-2). As such data from core #05 was excluded from 

statistical analysis (Fig 2.1).  

 

 

Eq 2.1: SMD (cm) = Number of missing layers * 0.5 
 

Eq 2.2: ND (cm) = Initial offset + Sampled offset – SMD 
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2.3.3. Spatially-dependent effects of temporal variability in L. 

conchilega density 

This experiment compared the temporal evolution of tube density and environmental 

properties between the center and edges of L. conchilega aggregations to evaluate 

small-scale spatial heterogeneity. It took place in-situ for 14 days during July 2014 

involving the weekly monitoring of two large aggregations – i.e. 3 sampling moments. 

Tube density was estimated through quadrat counts (0.5m x 0.5m) of which 2 

subdivisions (0.1m x 0.1m) were assessed for fringed tubes (Van Hoey et al., 2006a) 

for plots near the center and edges of two large L. conchilega aggregations (A1 and 

A2 in Fig 2.1). To ensure that each count only included living animals, the fringes of 

all sand tubes in the experimental plots were removed after each count. Sediment 

samples (0-1cm in depth) were taken with a core (Φ: 3.6cm) next to the quadrats to 

assess biotic and abiotic environmental properties. Biotic conditions of the 

microphytobenthos were assessed through chlorophyll-a content (µg of chl-a per 

grams of sediment) as a proxy of microalgae biomass, the relative amount of 

extracellular polymeric substances (EPS: milligrams of glucose equivalents per 

milligrams of sediment1) as an indication of microalgae activity (Lind et al., 1997), and 

total organic matter content (TOM: grams of organic matter per grams of sediment). 

Abiotic conditions were assessed using granulometry including the estimation of 

median (d50: µm), maximum frequency grain size (MFGS) (mode: µm), sediment 

sorting (dimensionless), mud content (% < 63 µm), and fine-medium sand content 

(%: 125-500 µm) as well as water content (grams of water per grams of sediment).  

Chl-a content was estimated using a modification of the methods described in Wright 

and Jeffrey (1997) for high performance liquid chromatography (HPLC). Samples 

were extracted in 90% acetone, sonicated and filtered at 0.2µm, then analyzed using 

a high resolution HPLC Gilson system with a C18 column. EPS content was 

estimated for water-extractable carbohydrates fraction using a modification of 

methods from Hubas et al. (2010). Samples were diluted in 400µL of distilled water, 

homogenized with a tube roller, put in a warm water bath for 60mins at 30°C, and 

centrifuged (4 000g for 5mins at 21°C). Subsequently, 200µL of supernatant was 

sub-sampled, 200µL phenol (5%) and 1mL sulfuric acid (100%) were added to it, and 

the sample was again homogenized. The mixture was incubated for 30 minutes at 

room temperature and the amount of d-glucose equivalents was measured with a 

spectrophotometer at 486nm wavelength (Victor3 1420 Multilabel Counter from 

1 EPS is composed of several fractions, not only glucose equivalents. We recommend that 

future work assess its other fractions and refrain from using glucose equivalents as a proxy 

for EPS alone. 
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Perkin Elmer). Total organic matter was estimated through the difference between 

the dry weight of each sample (48h in 60°C) and its weight after burning (2h at 

500°C). Median grain size, MFGS, and mud content were obtained through 

granulometry analysis using a Malvern Mastersizer 2000 particle analyzer (size 

range: 0.020µm to 2000.000µm). Sediment sorting was calculated according to 

Inman (1952) using parameters of the granulometry analysis. Water content was 

estimated per sample as the difference between wet and dry weight following 

lyophilisation and converted into a ratio of grams of water per grams of sediment.  

Repeated measures analyses of variance (rANOVA) were used to compare temporal 

trends in tube density and environmental conditions between the center and edges of 

L. conchilega aggregations. Mauchly's test was performed to check the sphericity 

assumption and Greenhouse-Geisser correction was applied in cases under which 

the assumption was unfulfilled (Greenhouse and Geisser, 1959), i.e. tube density, (p: 

0.032), chl-a (p: 0.006), and water content (p: 0.001). Tukey HSD tests were 

performed to determine spatial (i.e. edge vs center) differences between properties at 

each sampling date and temporal differences within locations. Finally, a storm 

occurred prior to t1 which has impacted results. The occurrence was identified 

visually by the amount of sediment reworking in the L. conchilega aggregations at the 

moment of sampling and subsequently confirmed from the change in sediment 

fractions over the course of the experiment (see results). 

2.3.4. Effects of abrupt sedimentation on L. conchilega 

This experiment assessed how sediment deposition affects mortality and tube-

building rates of L. conchilega. It was executed in the laboratory for 1 week during 

July 2014. Sediment was collected from the intertidal zone with shovels, transported 

to the lab in 20L buckets, sieved through 1mm mesh, and homogenized in clean sea 

water (32 psu) prior to the beginning of the experiment. Specimens were collected 

from Boulogne after recruitment using 18 cores (Ø: 5.6cm, height: 100cm) containing 

10 ± 5 individuals. Cores were incubated in sea water tanks (10°C, 32psu) in the 

laboratory for 3 days prior to the beginning of the experiment for acclimation 

purposes. To avoid accumulation of bodily secretions within cores, each core 

received individual oxygenation and the water in the tanks was constantly 

recirculated between experimental and reserve tanks. A count of living animals 

(identified by the status of their fringe, Van Hoey et al., 2006a) was performed at the 
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start of the experiment, and the tube lengths of three randomly chosen polychaetes 

per core were measured with a ruler from the sediment surface to the tip of their 

fringe. Subsequently, each core received a single amount of clean sediment from the 

study site. The height of the sediment column in each core was increased by one of 

the following: 0, 3, 5, 7, 9, or 12cm, and replicated using 3 separate cores. The 

experiment ran for 7 days, mortality was assessed at the end of the experiment, 

normalized to the proportion of the total number of individuals. In addition, the tube 

length of the same 3 individuals measured at the start of the experiment was 

estimated at the end and used to calculate tube accretion rates (TAR, cm·week-1) (eq 

2.3). Tube-accretion rates were calculated using tube length at the start (TL0) and at 

the end (TLf) of the experiment, as well as the amount of added sediment (AS) to 

each core according to equation 3. 

 

The effect of sediment deposition on arcsine transformed mortality (McDonald, 2014) 

and tube-accretion rates was tested separately using two Permutational Multivariate 

Analyses of Variance (PERMANOVAs) type-III based on Euclidean distances 

between samples with 9999 permutations, and Monte Carlo testing due to the low 

level of replication per treatment level (3x). PERMDISP was executed in both cases 

to test the assumption of homogeneity of dispersion. The method was chosen 

because the data failed the normality assumption for parametric testing. The 

statistical analyses were executed using PRIMER v6 (Clarke and Gorley, 2006) and 

the PERMANOVA+ add-on (Anderson et al., 2008). 

2.4. Results 

2.4.1. Effects of L. conchilega  presence on sedimentary processes 

The analysis revealed noticeable effects from L. conchilega presence on net 

deposition (F1,26: 4.862, p: 0.037) and sediment mixing depth (F1,26: 6.617, p: 0.016). 

Aggregations at different tidal heights had similar ND (F1,26: 0.545, p: 0.467) and 

SMD (F1,26: 0.297, p: 0.591). Tube density did not significantly affect ND (F1,24: 2.445, 

p: 0.108) or SMD (F1,24: 3.372, p: 0.051). Net deposition of 0.14cm (SE: 0.42cm) and 

0.14cm (SE: 0.57cm) were observed inside high and low density aggregations 

respectively, whereas bare sand eroded with average ND of -0.95cm (SE: 0.34cm) 

Eq 2.3: TAR (cm·week-1) = (AS - TL0) + TLf 
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(data pooled from both intertidal areas) (Fig 2.3A). Average SMD was 1.25cm (SE: 

0.39cm) and 1.25cm (SE: 0.36cm) in high and low density aggregations respectively, 

and 2.31cm (SE: 0.43cm) in bare sand (data pooled from both intertidal areas) (Fig 

2.3B). 

 

Fig 2.3. Net deposition (A) and sediment mixing depth (B) per tube density class. No significant 

effects of tube density were found on either sedimentary parameter. Boxplots: Min., Mean ± SE, 

Max. 

 

2.4.2. Spatially-dependent effects of temporal variability in L. 

conchilega density 

Analyses revealed that tube density was significantly affected by time and the “time x 

location” interaction (Table 2.1). Significant temporal variation was found for chl-a, 

EPS, TOM, mud and fine-medium sand content (Table 2.1). Tukey tests revealed 

that conditions were not significantly different between the center and edges of L. 

conchilega aggregations at t0, though tube densities were, on average, higher in the 

center (12 400 ind·m-2, SE: 547 ind·m-2) than at the edges (8 113 ind·m-2, SE: 758 

ind·m-2) (Fig 2.4). From t0 to t1, tube density declined significantly at both locations 

(pcenter: 0.000; pedge: 0.003) (Fig 2.4A), as well as chl-a (pcenter: 0.002; pedge: 0.020) 

and TOM (pcenter: 0.012; pedge: 0.025). All measured environmental properties were 

similar at t1 at both locations (Fig 2.4). Tube density was at its minimum value and so 

were concentrations of chl-a, EPS, TOM, and mud content (Fig 2.4A-E). Fine-

medium sand content peaked at t1 (Fig 2.4F) reflecting the occurrence of a storm-
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driven sediment deposition/reworking. Subsequently, EPS content significantly 

increased at the edges between t1 and t2 (p: 0.026) with a similar trend observed for 

tube densities (p: 0.002) (Fig 2.4). At t2, tube density (p: 0.000), chl-a (p: 0.008), and 

TOM (p: 0.017) were significantly lower at the center than at the start of the 

experiment (t0) (Fig 2.4A and B). 

 

 

Fig 2.4. Variations of tube density (A), Chl-a content (B), EPS content (C), total organic matter 

content (D), mud content (E), and fine-medium sand content (F) in the center of reefs 

(continuous lines) and at reef edges (interrupted lines) through the length of the experiment. 

Significant results from the rANOVAs are marked with an asterisk (*). Mean ± SE. 
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2.4.3. Effects of abrupt sedimentation on L. conchilega 

The assumption of homogeneity of (univariate) dispersion was tested using 

PERMDISP and successfully fulfilled for arcsine mortality (F5,12: 0.831, p: 0.808) and 

tube-accretion rate (F5,30: 0.097, p: 0.998). Sediment deposition generated significant 

increases in mortality (F5,12: 4.347, p: 0.014). Pairwise comparisons and Monte Carlo 

testing (MC) revealed that mortality was significantly lower in the absence of 

sedimentation (0cm) than in its presence - 5cm (pMC: 0.020), 7cm (pMC: 0.009), 9cm 

(pMC: 0.015), and 12cm (pMC: 0.017) (Fig 2.5). At the end of the experiment 100% 

mortality was observed in 2 out of 18 cores (5cm and 7cm). Lanice conchilega tube-

building rates ranged from 0.05 to 1.60cm·day-1 with higher rates in the presence of 

sediment deposition (F5,30: 118.76, pMC: 0.000). Post-hoc comparisons show that 

TAR were significantly lower in control cores (0cm) than in cores with 3cm (pMC: 

0.000), 5cm (pMC: 0.000), 7cm (pMC: 0.000), 9cm (pMC: 0.000), and 12cm (pMC: 0.000) 

of deposited sediment. 

 

 

Fig 2.5. Fluctuations in L. conchilega mortality relative to sediment added (AS, eq3). Statistical 

analyses revealed that arcsine mortality in the presence of sediment deposition events from 

5cm to 12cm in column height are significantly different (*) than that estimated for the control 

(0cm). Boxplots: Min., Mean ± SE, Max. 
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2.5. Discussion 

This study investigated the relationship between L. conchilega aggregation properties 

and small-scale coastal sedimentary properties at the intertidal zone of a sandy 

beach in Boulogne-sur-Mer (France). Results revealed that (1) net deposition is 

significantly higher in L. conchilega aggregations when compared to bare sand; (2) 

sediment mixing depth is noticeably shallower inside aggregations than out; (3) net 

deposition and sediment mixing depth are not affected by tube density for 

aggregations above 3 200 ind·m-2; (4) temporal fluctuations in tube density are 

noticeably different between the center and edges of aggregations; and (6) sediment 

deposition from 3cm in column height cause significant increases in tube-building 

rate, while (7) deposition from 5 to 12cm in column height result in significantly higher 

L. conchilega mortality. 

2.5.1. Effects of L. conchilega presence on sedimentary processes 

Tube aggregations influence two key attributes of the coastal environment, 

sedimentary processes and coastal protection (Gutiérrez et al., 2011) by changing 

water flow as a function of tube density (Friedrichs et al., 2000). Water moving 

through denser aggregations has lower velocity than currents passing through 

sparser tube arrays (Friedrichs et al., 2000). The changed hydrodynamic conditions 

create heterogeneity in sedimentary processes at different intensities (e.g. Borsje et 

al., 2014; Passarelli et al., 2012). This study investigated how L. conchilega tube 

aggregations impact small-scale sedimentary processes by comparing net deposition 

and sediment mixing depth between L. conchilega aggregations and bare sand. 

Previous in-situ observations using mimic tubes revealed significant effects of tube 

presence with densities as low as 637 ind·m-2 (Passarelli et al., 2012) and 1 000 

ind·m-2 (Rabaut et al., 2009). A modelling study (Borsje et al., 2014) predicted that 

the relationship between tube density and water flow deceleration is nonlinear, that 

is, the effect intensifies sharply as density grows from 0 to1 000 ind·m-2 but weakens 

past that threshold. Our study found noticeable effects of L. conchilega presence on 

sedimentary processes with higher net deposition and shallower sediment mixing 

depth inside aggregations than in bare sand. This is in accordance with previous 

observations suggesting that these aggregations affect both erosion/accretion 

processes and therefore coastal resilience to hydrodynamic impacts. Average ND 

and SMD were similar between density classes, which was expected as the range of 



 

50 
 

tube densities in this study was above 1 000ind·m-2 (Borsje et al., 2014). However it 

is worth noting that results for SMD were close to the significance threshold of 0.05. 

Thus the effect of high tube density on sediment mixing depth requires further 

investigation as results are marginally insignificant (Goodman, 2008). 

2.5.2. Spatially-dependent effects of temporal variability in L. 

conchilega density 

The functional importance of biogenic concretions in coastal environments includes 

the physical protection from hydrodynamic impacts such as wave action (Koch et al., 

2009). In the case of tube-building organisms, wave attenuation is a function of 

aggregation size and tube density (Eckman et al., 1981), and is related to patchy 

distributions and environmental gradients inside the aggregation (e.g. Lejeune et al., 

2002; Liu et al., 2014). This experiment investigated temporal variations of tube 

density and environmental properties between the center and edges of L. conchilega 

aggregations to evaluate potential drivers of small-scale spatial heterogeneity. 

Animals at the center of aggregations are surrounded by other tubes, and thus less 

exposed to wave action, while at the edges they are partially encircled and thus more 

susceptible to hydrodynamic impact. Mortality should be affected by this configuration 

as it imposes a gradient of susceptibility to wave action within the biogenic 

aggregation (e.g. van Wesenbeeck et al., 2008). Thus environmental gradients can 

create spatial heterogeneity by inducing spatially-explicit fluctuations in population 

density (e.g. Lejeune et al., 2002; van Wesenbeeck et al., 2008). In this study, tube 

density varied differently between aggregation edges and center plots as a significant 

effect was found for “time x location”. This confirms small-scale spatial heterogeneity 

in fluctuations of population abundance. 

Variations in abundance of ecosystem engineers can lead to heterogeneity in 

environmental properties through autogenic engineering (e.g. Bouma et al., 2009a; 

van Wesenbeeck et al., 2008). Polychaete tubes modulate microalgal abundance as 

a function of density with denser aggregations facilitating particle entrapment and 

stimulating the development of the surficial microalgae (Passarelli et al., 2012). Thus, 

variation in tube density should impact chl-a, EPS, TOM, mud and fine-medium sand 

content through autogenic engineering, creating different environmental conditions 

between the center and edges of tube aggregations. Temporal trends revealed 

significant declines in tube density, chl-a, EPS, and TOM from t0 to t1 at center and 
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edges suggesting that the storm impacted fluctuations in population abundance and 

environmental properties from that time onwards. At t1, center and edges had lower 

mud content and higher fine-medium sand content, which is consistent with storm 

effects reworking surficial sediment and removing and/or burying fauna (e.g. Dobbs 

and Vozarik, 1983; Regnauld et al., 2004; Yeo and Risk, 1979). No noticeable 

differences were found between the center and edges of aggregations from t1 

onwards. From t1 to t2, EPS content increased at the edges of aggregations only, 

suggesting that processes of aggregation maintenance and/or recovery from 

disturbance vary spatially at a small scale. However, recovery processes could not 

be fully evaluated with the current setting. Additional research is required to 

investigate the response of population abundance and structure over time to this type 

of storm impact. Additionally, fluctuations in EPS should be considered alongside chl-

a as both are commonly associated to the microphytobenthos and as such are 

expected to fluctuate in tandem.  

Surficial chl-a relates to benthic microalgae biomass, whereas EPS content is 

associated to microalgae activity as it is produced as a motility medium (Lind et al., 

1997). Small variations in local conditions, such as hydrodynamic pressure (Tolhurst 

et al., 2003), light regimes (Cartaxana et al., 2006), and biofilm age and species 

composition (Smith and Underwood, 2000) can result in varying physiological states 

of microalgal communities, influencing EPS production and leading to diverging 

patterns (e.g. Perkins et al., 2003; Ubertini et al., 2015; Underwood et al., 2004). Due 

to the complexity of MPB dynamics it is not possible to determine which factors 

caused the observed fluctuations. Therefore, further research on biofilm dynamics is 

necessary to clarify our observations. Tube density and concentrations of chl-a and 

TOM at center plots were significantly lower at the end of the experiment than at the 

start, while at the edges no significant differences were found between those dates. 

This likely reflects the start of population recovery from the storm and substantiates 

the previously mentioned differences in recovery between the center and edges. 

Finally, a storm clearly impacted population dynamics and local environmental 

characteristics to an unknown extent during the experiment reported in section 2.4.2. 

Acknowledging the potential effects of storms, a hypothesis can be put forward that 

such periodic disturbance events are likely to modulate aggregation-related 

processes contributing to episodes of vertical growth, thus modulating coastal 

sedimentary processes, maintaining habitat complexity and species richness. 
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However, the role of population structure in attenuating hydrodynamic flow and 

modulating microalgae abundance and activity remains unclear. Further study is 

required to determine whether autogenic engineering can drive small-scale spatial 

heterogeneity inside polychaete aggregations.  

2.5.3. Effects of abrupt sedimentation on L. conchilega 

The effect of sedimentation on L. conchilega mortality rates was investigated. 

Different levels of deposition were tested since sedimentation can originate from 

extreme conditions such as storms (Dobbs and Vozarik, 1983), long-term increased 

deposition from autogenic engineering (e.g. Godet et al., 2011; Rabaut et al., 2009), 

and/or as a consequence of anthropogenic activities in the coastal zone (Kaiser et 

al., 2001). Sediment deposition resulted in complete mortality in 2 out of the 18 cores 

in the study and increased tube-building activity in the surviving individuals. This 

suggests that L. conchilega is able to survive deposition events from 3 to 12cm albeit 

in limited numbers. Tube-building rates ranged from 0.01 to 1.60 cm·day-1 which is in 

accordance with what has been observed in previous research (e.g. Borsje et al., 

2014; Rabaut et al., 2009). Higher TARs can contribute to individual survival, as well 

as the vertical expansion of tube aggregations (Borsje et al., 2014). Thus, results 

corroborate previous work predicting a positive feedback between sediment 

deposition and tube-building activity which drives aggregation growth (Borsje et al., 

2014). 

It is worth noting that a control core (i.e. devoid of sediment deposition) presented an 

increase in numbers from 9 to 11 individuals during the experiment, thus adding 

variance to the control level. This is most likely due to the initial presence of small 

juveniles that were not detected at the first count. Although this could be the case for 

other units, it does not undermine the results of the experiment. 

2.6. Conclusions 

The current study corroborates previous predictions on the influence of polychaete 

tube aggregations on sedimentary processes using L. conchilega aggregations as a 

case-study. Modelling predictions on the vertical expansion of tube aggregations 

base the process on positive feedbacks between sediment deposition and tube-

building rates. In the current case, significant deposition was created inside tube 

aggregations in-situ and tube-building activity increased under sediment deposition 

as small as 3cm in height under controlled conditions. The feedback between 



 

53 
 

increased sedimentation and tube-building can contribute to the vertical expansion of 

polychaete aggregations. However, deposition between 5 and 12 cm in column 

height caused higher mortality, which could limit the growth of tube aggregations at 

least temporarily. The level of net deposition within the studied aggregations at 

Boulogne-sur-mer was below 5cm in height, and thus it is unlikely that the 

engineering-mediated deposition regime at the site could lead to increased mortality 

inside L. conchilega aggregations. An alternative hypothetical mechanism should be 

considered and remains to be tested wherein periodic storm events, such as the one 

noted during this study, generate enough sedimentation to trigger episodic 

aggregation development while limiting population density through mortality. 

Furthermore, population-related processes differed between the center and edges of 

aggregations impacting the temporal fluctuation of microalgae activity (i.e. EPS 

content). These findings suggest that sedimentary changes imposed by L. conchilega 

may substantially affect benthic communities, as observed by previous research. In 

addition, small-scale benthic biodiversity gradients may form within aggregations due 

to fluctuations in the ecosystem engineering effect of L. conchilega induced by 

population development, increasing landscape heterogeneity under conditions that 

are yet to be clarified.  
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3. Effects of temporal fluctuation in population 

processes of intertidal Lanice conchilega 

(Pallas, 1766) aggregations on its ecosystem 

engineering 

 (slightly modified from the publication: Alves RMS, Vanaverbeke J, Bouma TJ, Guarini J, Vincx 

M, Van Colen C (2017). Effects of temporal fluctuation in population processes of intertidal 

Lanice conchilega (Pallas, 1766) aggregations on its ecosystem engineering. Estuarine, coastal 

and shelf science, 188: 88-98. DOI 10.1016/j.ecss.2017.02.012) 
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3.1. Abstract 

Ecosystem engineers contribute to ecosystem functioning by regulating key 

environmental attributes, such as habitat availability and sediment biogeochemistry. 

While autogenic engineers can increase habitat complexity passively and provide 

physical protection to other species, allogenic engineers can regulate sediment 

oxygenation and biogeochemistry through bioturbation and/or bioirrigation. Their 

effects rely on the physical attributes of the engineer and/or its biogenic constructs, 

such as abundance and/or size. The present study focused on tube aggregations of a 

sessile, tube-building polychaete that engineers marine sediments, Lanice 

conchilega. Its tube aggregations modulate water flow by dissipating energy, 

influencing sedimentary processes and increasing particle retention. These effects 

can be influenced by temporal fluctuations in population demographic processes. 

Presently, we investigated the relationship between population processes and 

ecosystem engineering through an in-situ survey (1.5 years) of L. conchilega 

aggregations at the sandy beach of Boulogne-sur-Mer (France). We (1) evaluated 

temporal patterns in population structure, and (2) investigated how these are related 

to the ecosystem engineering of L. conchilega on marine sediments. During our 

survey, we assessed tube density, demographic structure, and sediment properties 

(surficial chl-a, EPS, TOM, median and mode grain size, sorting, and mud and water 

content) on a monthly basis for 12 intertidal aggregations. We found that the 

population was mainly composed by short-lived (6-10 months), small-medium 

individuals. Mass mortality severely reduced population density during winter. 

However the population persisted, likely due to recruits from other populations, which 

are associated to short- and long-term population dynamics. Two periods of 

recruitment were identified: spring/summer and autumn. Population density was 

highest during the spring recruitment and significantly affected several environmental 

properties (i.e. EPS, TOM, mode grain size, mud and water content), suggesting that 

demographic processes may be responsible for periods of pronounced ecosystem 

engineering with densities of approx. 30 000 ind·m-2. 
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3.2. Introduction 

Living organisms interact with each other and with the environment in various ways, 

modifying biotic and abiotic properties of their habitats, and modulating the availability 

of resources to other species. Through these modifications, organisms engineer 

ecosystems and condition the survival of other species in otherwise unfavourable 

environments, earning the title of ecosystem engineers (Jones et al., 1994). Although 

most living organisms could be described as ecosystem engineers, the term 

generally refers to those that substantially reduce environmental constraints to other 

species, enabling their survival (Crain and Bertness, 2006). Jones et al. (1994) 

distinguished two classes of ecosystem engineers: (1) autogenic engineers, 

consisting of organisms that cause change through physical presence (e.g. coral 

reefs whose presence increases habitat complexity - Wild et al., 2011), and (2) 

allogenic engineers, which include organisms that modulate resources through their 

activities (e.g. fiddler crabs whose burrow construction and maintenance impact 

sediment biogeochemistry - Kristensen, 2008). The changes imposed by engineering 

organisms may have extensive consequences to the environment. Their presence 

and activities impact community species richness (Romero et al., 2015) and 

functional biodiversity (Gutiérrez and Jones, 2006), as well as matter transport 

(Kristensen, 2008), sediment accretion/erosion patterns (Bouma et al., 2009a), and 

sediment composition (De Smet et al., 2015; Montserrat et al., 2009). 

Ecosystem engineers can be short-lived (see Jones et al., 1994), but little is known 

about how a short population dynamics cycle can affect the consequences of 

ecosystem engineering in the surrounding habitat. The present work addresses this 

question focusing on a marine species as a case study: the terebellid tubeworm 

Lanice conchilega (Pallas, 1766). This sessile polychaete is a particularly interesting 

model species as it is both an autogenic and an allogenic ecosystem engineer 

(Braeckman et al., 2014) with a relatively short life-span from 1 to 3 years (e.g. 

Beukema et al., 1978; Ropert and Dauvin, 2000; Van Hoey et al., 2006a). It is 

ubiquitous along European coasts (Van Hoey et al., 2008) and can inhabit an 

extensive range of depths, from shallow intertidal down to bathypelagic areas (1 

900m) (Hartmann-Schröder, 1996). Lanice conchilega forms biogenic tube 

aggregations that can be considered reefs when densities are high and sand tubes 

are large (Rabaut et al., 2009). These aggregates can occur in densities as high as 

20 000 ind·m-2 during recruitment (Buhr and Winter, 1976) and protrude up to 16cm 
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above the sediment surface (Rabaut et al., 2009). Their presence can have extensive 

impacts on the ecosystem (De Smet et al., 2015), and this feature has led to the 

consideration of L. conchilega as a conservation target (Godet et al., 2008). 

Reef-like aggregations break water flow and cause deceleration of currents at the 

benthic-boundary layer (Friedrichs et al., 2000), impacting sedimentary processes 

(Borsje et al., 2014). The attenuated flow facilitates larval settlement (Rabaut et al., 

2009; Volkenborn et al., 2008) and increases fine-particle deposition (De Smet et al., 

2015), modulating local sediment composition (Rabaut et al., 2007; Volkenborn et al., 

2008). Lanice conchilega also affects sediment biogeochemistry through tube 

flushing (Braeckman et al., 2010) as part of its allogenic engineering. The autogenic 

engineering effect of L. conchilega is related to the size, elevation and density of their 

biogenic concretions (Borsje et al., 2014), distinguishing denser and taller 

aggregations composed of adult tubeworms (which cause greater flow deceleration) 

from small, sparse aggregations containing mainly juveniles. Thus, fluctuations in 

population demographic composition may influence the autogenic engineering effects 

of this tube dweller. 

The life cycle of L. conchilega comprises two types of living, planktonic and sessile 

(Kessler, 1963) (see addendum I for further details on the life cycle of L. conchilega). 

Individuals spend the first few months of life as planktonic larvae, but the majority of 

the cycle is spent as a sessile organism on the benthic-boundary layer. Larvae 

development occurs in the pelagic realm and may last approx. 2-3 months (Kessler, 

1963), while the sessile stages – i.e. juvenile and adult - vary from 1 to 3 years (e.g. 

Buhr and Winter, 1976; Callaway et al., 2010; Ropert and Dauvin, 2000; Van Hoey et 

al., 2006b). Initially, individuals go through 3 planktonic stages of development lasting 

approx. 5 days – prototrochophora, trochophora, and metatrochophora-I (Kessler, 

1963). This period culminates on the appearance of metatrochophora-II larvae, a 

bipartite pelagic larvae that settles for 1 day while building a rudimentary tube 

(Kessler, 1963). Following this period metatrochophora-II larvae metamorphose into 

aulophora larvae, the final planktonic life stage of L. conchilega (Kessler, 1963). 

Aulophora larvae remain in the water column for 2 months, and then settle as 

juveniles that are morphologically similar to adults (Kessler, 1963). Subsequently, the 

juveniles mature into adults with tube size increasing as individuals mature (e.g. Van 

Hoey et al., 2006b). Previous research using mimic tubes and modelling show that 

changes in tube dimensions as well as animal density can substantially impact the 
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outcome of autogenic engineering from polychaete aggregations (e.g. Borsje et al., 

2014; Eckman et al., 1981; Friedrichs et al., 2000; Luckenbach, 1986). However, 

there is a lack of information on the role of changing tube dimensions and density in-

situ due to population dynamics. 

In this study we investigated the relationship between Lanice conchilega engineering 

effects and ontogenetic and demographic population processes related to the 

(dis)appearance and growth of cohorts in a sandy beach habitat. We therefore 

evaluated (1) the temporal variation of population demographic structure and 

secondary production, and (2) spatial-temporal variations of L. conchilega 

aggregation density and its relationship with local sediment properties (e.g. mean and 

median grain size) at the benthic-boundary layer. 

3.3. Methods 

3.3.1. Study site 

The study area was located in the intertidal zone of a sandy beach adjacent to the 

harbour of Boulogne-sur-mer in northern France (henceforth referred to as Boulogne) 

(50.7345 N; 1.5881 E) (Fig 3.1). The area is characterized by soft sediment, 

predominantly composed by fine and medium sand (Rabaut et al., 2008), with a 

semi-diurnal tidal regime ranging from 4 to 9m (Jouanneau et al., 2013) and an 

average sea level of 5.03m (0.17m SD). Two portions of the sandy beach were 

selected for monitoring due to their well-developed L. conchilega aggregations. The 

“low intertidal” was located north of the harbour wall by 250m, and as near as 

possible to the low water level at spring tide (LWST) while enabling sampling during 

emersion periods (centroid: 400309.649152E, 5621211.02256N). The “high intertidal” 

was approximately 0.5m higher in elevation, located 50m northeast from the “low 

intertidal”, and included the upper limit of L. conchilega distribution at the site (Fig 

3.1) (centroid: 400393.019426E, 5621273.01656N). The approximate difference in 

exposure time between the two sites is 1h. Both zones were sampled with the same 

frequencies during LWST in order to evaluate possible differences in population 

structure across the intertidal gradient. 
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Fig 3.1. Map of the sandy beach in Boulogne depicting the low intertidal and the high intertidal 

at the study site, the port of Boulogne-sur-mer to the south, and the limits (dashed lines) for low 

and high water spring tides (LWST and HWST respectively) approximated using satellite 

imagery. The present study surveyed twelve L. conchilega aggregations on the intertidal zone, 

marked by numbers from 1 to 12. 

  

3.3.2. In-situ surveys 

Monthly surveys were carried out from June 2013 until November 2014 on twelve L. 

conchilega aggregations distributed equally between two areas of the intertidal zone 

(Fig 3.1). The location of each aggregation was recorded using a dGPS system, and 

used to estimate their distance to the LWST (meters) as a representation of existing 

intertidal gradients, such as dryness/wetness and exposure to wave action (Kaiser et 

al., 2005). Animal density (ind·m-2) was estimated with quadrat counts (0.1m x 0.1m) 

of fringed sand tubes according to Van Hoey et al. (2006a). Counts could not be 

performed in the high zone during April 2014 due the speed of the rising tide. 

Sediment samples (0-1cm) were taken with acrylic cores (3.6cm Φ) to investigate 

dynamics in sediment properties. Properties related to local biotic conditions included 

chlorophyll-a content (µg·g-1 sediment), extracellular polymeric substances (EPS1: 

1 EPS is composed of several fractions, not only glucose equivalents. We recommend that 

future work assess its other fractions and refrain from using glucose equivalents as a proxy 

for EPS alone. 
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mg glucose equivalents·mg-1 sediment), and total organic matter content (TOM: %). 

Whereas properties related to local abiotic processes included water content (%), 

and granulometry analysis - median grain size (d50: µm), mode grain size (µm), 

sediment sorting (dimensionless), and mud content (%< 63 µm).  

Sediment samples were homogenized prior to the analyses. Chl-a content (µg·g-1) 

was measured as a proxy for microphytobenthos (MPB) biomass through high 

performance liquid chromatography (HPLC) (Wright and Jeffrey, 1997). Samples 

were extracted using acetone (90%), sonicated, filtered at 0.2µm, and analysed on a 

high resolution HPLC Gilson system with a C18 column. The water-extractable 

fraction of EPS (mg·mg-1) was measured as an indicator of MPB activity (Lind et al., 

1997) using a modification of the methods from Hubas et al. (2010). Samples were 

diluted in 400µL of distilled water, homogenized using a tube roller, and placed in a 

warm water bath at 30°C for 60mins. The solution was centrifuged (4 000g at 21°C 

for 5mins), and sub-sampled for 200µL of the supernatant. The sub-samples were 

homogenized with 200µL phenol (5%) and 1mL sulfuric acid (100%), and incubated 

for 30min at room temperature. The amount of d-glucose equivalents was measured 

with a spectrophotometer at 486nm (Victor3 1420 Multilabel Counter from Perkin 

Elmer). Total organic matter (%) was estimated per sample as the difference 

between dry weight (48h in 60°C) and ash weight (2h at 500°C). 

Median grain size (µm), mode grain size (µm), and mud content (%< 63 µm) were 

obtained as a result of granulometry analysis using a Malvern Mastersizer 2000 

particle analyser (size range: 0.020µm to 2000.000µm), and sediment sorting was 

calculated using parameters of the granulometry analysis according to Inman (1952). 

Water content (%) was estimated per sample as the difference between wet and dry 

weight following lyophilization. Additional monthly records were obtained for average 

air temperature (Infoclimat.fr, 2016) and net primary production (NPP) in the water 

column (O’Malley, 2015). These were used to complement the environmental dataset 

and to determine seasonal fluctuations. NPP was interpolated for November 2013 

using a natural spline as data for this month was missing. 

Finally, one large sample was taken per aggregation using an inox core (12cm Φ by 

38cm in height) to investigate the spatial-temporal evolution of population 

demographic structure and secondary production (i.e. the rate of production of L. 

conchilega biomass). These samples were sieved in-situ through a 1mm mesh, 

transported to the laboratory, and stored in 4% formaldehyde in sea water solution 
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buffered with lithium carbonate (Li2CO3) until analysis. Lanice conchilega sand tubes 

were sorted manually after staining with Rose Bengal from samples belonging to 

three aggregations in the low intertidal area (1-3 in Fig 3.1). Tubes with intact animals 

were counted, the polychaete worms were removed from their tubes, the inner tube 

diameter (ITD) was measured with a conic shaped tool graded from 0mm to 6mm 

(steps of 0.01mm), and used to assess secondary production and population cohorts. 

3.3.3. Analyses of temporal variation in population density, structure, 

and secondary production 

Temporal fluctuations in population density and each of the environmental properties 

were evaluated through statistical modelling using non-parametric Wilcoxon signed-

rank tests with Bonferroni adjustment of p-values between pairs of successive dates. 

Univariate distance-based linear models (DistLM) were implemented using the 

PERMANOVA+ add-on (Anderson et al., 2008) for Primer v6 (Clarke and Gorley, 

2006) to investigate the relationship between tube density dynamics and a reduced 

set of environmental properties. The set of sampled properties was reduced through 

pairwise collinearity, only properties with Pearson’s correlation < 0.70 and VIF < 3 

were kept for further analyses. The analysis was carried out using the base package 

in the R statistical language (R Core Team, 2015) inside the RStudio environment 

(Allaire et al., 2015). The final set of environmental properties contained EPS, TOM, 

mud content, mode grain size, water content, air temperature, and distance to LWST. 

In addition, time and distance to the LWST were included as covariates to assess the 

role of temporal and spatial auto-correlations. EPS and TOM content were fourth-root 

transformed to correct for skewness prior to modelling. The models explain each of 

the environmental variables as a function of tube density, distance to the LWST, and 

time. Model selection was by minimization using the Akaike Information Criterion 

through the ‘Best’ method (i.e. models using every possible combination of covariates 

are evaluated) (Anderson et al., 2008). 

Population demographic structure was analysed by detecting distinct cohorts - i.e. 

group of individuals originated from a well outlined recruitment moment (sensu Van 

Hoey et al., 2006b). Inner tube diameter (ITD) data was pooled from samples of three 

L. conchilega aggregations in the low intertidal area (1, 2, and 3 in Fig 3.1) and 

allocated to 0.5mm size classes ranging from 0 to 5mm. The frequency of sizes 

distribution was estimated per class using Statistica 5.5 (StatSoft.Inc, 2004), and 
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used for cohort detection in FiSAT II (Food and Agriculture Organization of the United 

Nations - FAO, 2005). Detection was done through modal progression analysis using 

Bhattacharya’s method. It consisted on the decomposition of tube diameter 

distributions per date into a sum of modes each corresponding to a Gaussian 

distribution (Bhattacharya, 1967). Cohorts were consolidated using NORMSEP 

(Pauly and Caddy, 1985) and cohort-specific growth rates (i.e. rate of change in ITD 

in millimetres per day) were estimated as the difference between the means of ITD 

between consecutive dates for each cohort. 

Secondary production and total biomass were estimated for 2014 as it constituted a 

full year, and for the whole survey (i.e. 1.5 years). Ten undamaged worms were 

randomly selected from each ITD size class from samples of aggregations 1, 2, and 3 

(Fig 3.1). Individual biomass was assessed as wet weight (grams), subsequently 

converted to ash-free dry weight (AFDW, grams) using a rate for sessile Terebellidae 

according to Brey (2012), and used to build a regression curve relating the natural log 

of individual AFDW (grams) and ITD (milimeters) (Buhr, 1976) (Fig 3.2). The 

regression was used to calculate individual biomass (grams AFDW) for all measured 

specimens and monthly averages of individual biomass per cohort (𝑏𝑡: grams 

AFDW·m-2). Production increments (𝑃𝑡) at each time (𝑡) were calculated according to 

(Brey, 1986) using monthly tube densities per cohort (𝑛𝑡: ind·m-2) and monthly 

averages of individual biomass per cohort (𝑏𝑡: grams AFDW·m-2) (Eq 3.1). 

 

 

Fig 3.2. Relationship between the natural log of Lanice conchilega inner tube diameter (ITD) 

and the natural log of individual ash-free dry weight (AFDW). 
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Eq 3.1. 𝑃𝑡 = ((𝑛𝑡−1 + 𝑛𝑡)/2) ∙ (𝑏𝑡 − 𝑏𝑡−1) 

Secondary production (grams AFDW·m-2·year-1) was then estimated using the 

increment-summation method (Brey, 1986), hence the sum of monthly production 

increments (𝑃𝑡). Total biomass was estimated as the sum of monthly cohort biomass 

(grams AFDW·m-2). 

All statistical estimates were performed with a significance level of p < 0.05. 

3.4. Results 

3.4.1. Temporal patterns in tube density and demographic structure  

Five cohorts were identified during the monitoring period (June 2013 – November 

2014) (Fig 3.3A). Cohort 1 and 2 were observed at the start of survey (i.e. June 

2013). Cohort 1 was characterized by large inner tube diameters (average: 3.32mm; 

SD: 0.40mm), low abundance (725 ind·m-2; SD: 780 ind·m-2), and was only present 

for 3 months. Cohort 2 was present from June 2013 until January 2014 (8 months), 

growing in size throughout that period from an average ITD of 1.37mm (SD: 0.25mm) 

to 3.43mm (SD: 0.55mm) (Fig 3.3A). Its average density at the start of monitoring 

was 10 196 ind·m-2 (SD: 1 557 ind·m-2) and subsequently declined until 

disappearance (Fig 3.3B). Cohort 3 settled during October 2013 with an average ITD 

of 1.68mm (SD: 0.25mm) and density around 3 469 ind·m-2 (SD: 1 798 ind·m-2) (Fig 

3.3). The cohort inhabited the intertidal zone for 10 months until July 2014 when it 

was last recorded with average ITD of 3.46mm (SD: 0.37) (Fig 3.3A). Cohort 4 was 

present from April 2014 (30 022 ind·m-2; SD: 26 831 ind·m-2) until September 2014 

(i.e. 6 months) (Fig 3.3). Throughout its existence, cohort 4 grew in ITD from 0.67mm 

(SD: 0.25mm) in April 2014 to 2.50mm (SD: 0.65mm) in September 2014 (Fig 3.3A). 

Cohort 5 was present from September 2014 (4 713 ind·m-2; SD: 2 337 ind·m-2) until 

November 2014 (Fig 3.3). During this period, it grew in ITD from 1.60mm (SD: 

0.28mm) to 2.19mm (SD: 0.45mm) (Fig 3.3A). Two out of the 5 detected cohorts had 

their life cycle fully monitored - cohorts 3 and 4 with life-spans of 10 and 6 months 

respectively (Fig 3.3). Growth rates for these cohorts ranged from 0.0007 to 

0.0357mm in ITD·day-1. The highest growth rates were observed during August 2013 

for cohort 1 (0.0227), November 2013 for cohort 2 (0.0277), April 2014 for cohort 3 

(0.0133), September 2014 for cohort 4 (0.0357), and October 2014 for cohort 5 
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(0.0157). Overall, the demographic composition of L. conchilega aggregations during 

1.5 years of surveys was dominated by individuals smaller than 3.00mm in ITD 

(average ITD of 2.12 ± 0.79mm) (Fig 3.4). 

 

 

Fig 3.3. Temporal evolution of detected cohorts located on the intertidal zone of the sandy 

beach in Boulogne-s/m (France, Noord-Pas-Des-Calais). A: temporal evolution of tube diameter 

per cohort. B: temporal evolution of estimated reef density per cohort. Data is displayed as 

Mean ± SD. 
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Fig 3.4. Size frequency distribution change of the L. conchilega populations in the intertidal 

zone of the sandy beach in Boulogne-sur-mer (France) between June 2013 and November 

2014. 

 

Total secondary production was estimated at 633.96g AFDW·m-2 for a period of 1.5 

years (i.e. the equivalent of 422.64 AFDW·m-2·year-1), whereas total biomass 

amounted to 1 340.54g AFDW·m-2. Annual secondary production for the year 2014 

was 466.98g AFDW·m-2·year-1 and annual biomass was 759.84g AFDW·m-2. Total 

P/B ratio was 0.47, whereas the annual P/B ratio for 2014 was 0.61. The highest 

production increment was recorded in September 2014, when cohort 4 increased its 

biomass by 143.41g AFDW·m-2. At that moment its average ITD increased from 
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1.43mm in August to 2.50mm in September, while estimated cohort density 

decreased from approximately 5 593 ind·m-2 to 47 ind·m-2. In addition, among the two 

complete cohorts, cohort 4 had the highest P/B ratio (i.e. 1.11 vs. 0.39 estimated for 

cohort 3). 

3.4.2. Demographic structure and its consequences to ecosystem 

engineering 

Tube density pooled from both intertidal areas fluctuated around 3 887 ind·m-2 (SE: 

246 ind·m-2) during the study (June 2013 - November 2014). The lowest values were 

recorded in aggregations at the high intertidal area between December 2013 and 

February 2014 (Fig 3.5A). Tube density was below 100 ind·m-2 (average: 73 ind·m-2; 

SE: 15 ind·m-2) during that period which is considered low for L. conchilega (e.g. 

Passarelli et al., 2012; Rabaut et al., 2009). The highest densities were observed at 

the low intertidal area in April 2014 (27 250 ind·m-2; SE: 5 584 ind·m-2), May 2014 (18 

025 ind·m-2; SE: 1 911 ind·m-2), and June 2014 (12 503 ind·m-2; SE: 669 ind·m-2) (Fig 

3.5A). Overall, aggregations in the low intertidal area presented higher mean density 

(4 528 ind·m-2, SE: 240 ind·m-2, excl. April 2014 as data for the high intertidal area 

was lacking for that month; see material and methods) (Fig 3.5A) than those in the 

high intertidal area (1 911 ind·m-2, SE: 160 ind·m-2). 

Wilcoxon signed-rank tests with Bonferroni adjusted p-values revealed significant 

fluctuations in EPS, TOM, mud and water content, but not tube density nor mode 

grain size (Fig 3.5). EPS, TOM, mud and water content peaked during May 2014 (Fig 

3.5B-D, F), whereas mode grain size showed no discernible maximum (Fig 3.5E). 

Furthermore, aggregations closest to the LWST presented higher surficial sediment 

concentrations of chl-a, EPS, total organic matter, mud and water content as well as 

lower median and mode grain sizes and higher sorting index in comparison to the 

furthest aggregations (Table 3.1). 

DistLMs investigating the effects of tube density, distance to the LWST, and time on 

the reduced set of environmental properties revealed that tube density and distance 

to the LWST mark significantly affected all of the evaluated environmental properties 

(Table 3.2). Furthermore, model selection results show that tube density significantly 

contributed to the temporal fluctuations of EPS, TOM, mud content, and water 

content, but not mode grain size (Table 3.3). 
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Fig 3.5. Temporal evolution of tube density (A) surficial EPS (B), TOM (C), mud content (D), 

mode grain size (E), water content (F), air temperature (G), and net primary production in the 

water column (H) at Boulogne (France). * significant change in dynamics from previous date 

detected by the Wilcoxon signed-rank tests with Bonferroni adjusted p-values comparing 

consecutive dates. Data is displayed as Mean ± SE. 
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3.5. Discussion 

The present study investigated the autogenic engineering of marine soft-sediments 

by intertidal Lanice conchilega aggregations through time. We assessed (1) the 

temporal evolution of population demographic structure and secondary production, as 

well as (2) the effect of varying tube density and size on sediment properties. Our 

findings corroborate previous research, showing that the outcome of autogenic 

engineering in-situ is substantially affected by changing tube density as well as tube 

size, two consequences of the temporal evolution of population structure within 

aggregations. 

3.5.1. Temporal patterns in tube density and demographic structure 

Five cohorts emerging at various moments of the year were detected in this study. 

Cohort 1 was less abundant than the other detected cohorts and was characterized 

by large individuals (average ITD > 3.00mm) that must have recruited before the start 

of the survey. Cohort 2 was more abundant and had much smaller average ITDs 

during June 2013 in comparison to cohort 1 indicating that this cohort recruited later, 

most likely during the spring preceding the start of the survey (i.e. April - May 2013). 

Moreover, the cohort data enabled the identification of two annual recruitment 

periods at Boulogne: one at spring (April 2014), and one in autumn (October 2013 

and September 2014). 

The spring recruitment was characterized by high abundance (average: 30 022 

ind·m-2) of small individuals (average ITD: 0.67mm) in extensive and dense reef-like 

tube aggregations. It was likely a result of the settlement of cohort 4 during April 

2014. The autumn recruitment was related to cohorts 3 and 5, which settled during 

October 2013 and September 2014 respectively. It was characterized by less 

abundant, larger individuals with the average inner tube diameter approximately 3 

times larger than that of the spring recruits (i.e. cohort 4) at the time of settlement and 

tube densities approximately 7.5 times lower. It is worth noting that the temporal 

resolution of our data limits comparisons between the two recruitment events 

because short-term processes are unaccounted for. Nevertheless, the occurrence of 

multiple recruitments per year is common amongst some species of benthic 

invertebrates – e.g. mussels (Frantzen, 2007), barnacles (Cruz et al., 2010), 

polychaetes (Dubois et al., 2007). Animal density tends to differ between these two 

periods due to a combination of effects associated to their residence time in the water 
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column (Bhaud, 2000). During our study, pelagic food availability was less abundant 

during autumn (see NPP), thus we hypothesize that low food availability and 

starvation during autumn may have limited the abundance of pelagic individuals 

(Kessler, 1963), resulting in a less dense recruitment than that observed in spring. 

The presence of two recruitment events per year is in accordance with previous 

research showing L. conchilega recruitment during spring, summer, and autumn in 

various locations (e.g. Buhr and Winter, 1976; Callaway, 2003; Ropert and Dauvin, 

2000; Smith, 1989; Strasser and Pieloth, 2001; Van Hoey et al., 2006b). 

The demographic composition of the studied aggregations was largely dominated by 

small-medium individuals. Animals larger than 3.0mm in ITD - the recorded size for 

adult stages of L. conchilega (Van Hoey et al., 2006b) - were present in very low 

densities for much of the survey period, leading to questions as to how the population 

is sustained through time. It is possible that recruits at the intertidal zone originated 

from subtidal and/or offshore populations (Ropert and Dauvin, 2000) since L. 

conchilega larvae can last up to 2 months in the water column (Kessler, 1963) and 

are found all year-round in the North Sea (Van Hoey et al., 2006b). Alternatively, it is 

possible that these tube worms reach sexual maturity at smaller body sizes than 

estimated by previous research, successfully supplying new recruits to the intertidal 

population. The identification of the adult stage of L. conchilega has been traditionally 

based on measurements of inner tube or animal diameter with the threshold between 

juvenile and adult ranging from 1.5mm to 3.0mm throughout scientific literature (e.g. 

Buhr and Winter, 1976; Callaway, 2003; Ropert and Dauvin, 2000; Strasser and 

Pieloth, 2001; Van Hoey et al., 2006b; Zühlke, 2001). However, there is no evidence 

of a relationship between sexual maturity and animal body size. The status of 

gametogenesis in L. conchilega is driven mainly by seasonality (Kessler, 1963) as is 

the case with most seasonally reproducing polychaetes (Smart, 2008). In order to 

determine the level of sexual maturity of individuals in Boulogne further study on the 

development of their sexual organs and its relationship to seasonal variation is 

required. Furthermore, the recorded cohort life-spans (i.e. 10 and 6 months 

respectively for cohorts 3 and 4) were noticeably short in comparison to that found by 

previous research (i.e. 1-3 years) (e.g. Beukema et al., 1978; Ropert and Dauvin, 

2000; Van Hoey et al., 2006b). 

Total production is expected to be lower for intertidal polychaete populations than for 

subtidal ones where aggregations have higher food availability and longer feeding 
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times. Nevertheless P/B ratios from this study (0.47 - 0.61) were in accordance with 

previous estimations for subtidal Lanice conchilega populations in the Belgian Part of 

the North Sea BPNS (0.29-0.55) (Van Hoey et al., 2006b) and the Bay of Veys (0.23 

– 0.80) (Ropert, 1999). Total secondary production at Boulogne was approximately 

ten times higher than that observed for subtidal aggregations in the (BPNS) (i.e. 

633.96g AFDW·m-2·1.5 years-1 versus 10.3 to 64.8g AFDW·m-2·1.5 years-1 – Van 

Hoey et al., 2006b). Total biomass was also larger than the recorded at the BPNS by 

approximately one order of magnitude. Aggregations at Boulogne amounted to 

759.84g AFDW·m-2, whereas aggregations at the BPNS range from 13.54 to 85.59g 

AFDW·m-2 (Van Hoey et al., 2006b). In addition, annual secondary production of the 

Boulogne population was approximately double of that recorded for subtidal 

aggregations at the Bay of Veys (France) - 466.98g AFDW·m-2·year-1 versus 60.05 - 

248.40g AFDW· m-2·year-1 (converted from Ropert, 1999, using sessile Terebellidae 

rates from Brey, 2012). 

Differences in growth rates were also found between our study and previous 

research. Growth rates at Boulogne (0.0007-0.0357 mm·day-1) were more variable 

than the observed for intertidal populations at the Bay of Veys (0.0039-0.0053 

mm·day-1) (Ropert and Dauvin, 2000). These differences, as well as discrepancies in 

total secondary production, are commonly attributed to variation in food type and 

availability between locations that are related to seasonal patterns (e.g. Marsh et al., 

1989; Qian, 1994; Taghon and Greene, 1990). In our study the highest growth rates 

do not concur with peaks in food availability in neither the sediment surface nor the 

water column. The highest growth rates were observed 7 months following 

recruitment for cohorts 3 and 4, suggesting that food availability is not the sole driver 

of variation in growth rates. Rather, the observed growth rates were likely related to 

the developmental stage of L. conchilega as the highest cohort-specific growth rates 

were observed at later stages of development. This is in accordance with previous 

research detecting the highest growth rates for juveniles maturing into the adult 

population and thus at further stages of development than recently settled individuals 

(i.e. Ropert and Dauvin, 2000; Van Hoey et al., 2006b). Finally the temporal evolution 

of cohort 4 suggests that the high secondary production is maintained by the 

relatively few juveniles that survive the months following recruitment. This seems to 

be characteristic of L. conchilega populations and has been observed in the English 



 

76 
 

Channel (Ropert and Dauvin, 2000), the BPNS (Van Hoey et al., 2006b), and the 

German Bight (Callaway, 2003; Zühlke, 2001). 

3.5.2.  Demographic structure and its consequences to ecosystem 

engineering 

The ecosystem engineering effects of Lanice conchilega on the environment are 

related to physical features of tube aggregations (Borsje et al., 2014; Eckman et al., 

1981). Autogenic effects such as particle entrapment (Passarelli et al., 2012) and 

flow attenuation (Borsje et al., 2014) are positively associated to tube density, as well 

as aggregation area and height. These affect total organic matter content at the 

sediment surface and finer fractions of the sediment (i.e. mud content) (e.g. De Smet 

et al., 2015; Passarelli et al., 2012; Rabaut et al., 2007). In addition, the changes 

induced by polychaete aggregations influence surficial microalgae, modulating 

chlorophyll-a and EPS content at the benthic-boundary layer (Passarelli et al., 2012). 

Our results revealed that tube density significantly affected the temporal variations of 

EPS, TOM, and mud content, whereas the temporal fluctuation of tube density was 

significantly affected by distance to the LWST. The latter represents several coastal 

gradients - e.g. food availability, wetness/dryness and exposure to wave action 

(Kaiser et al., 2005). Consequently, our findings show that coastal gradients can 

impact local environmental properties indirectly by modulating the temporal evolution 

of tube density. This results in distinct environmental properties for aggregations at 

different distances to the LWST. Indeed, aggregations in the lowest zone were 

among the most dense during the survey and contained higher concentrations of 

surficial chl-a, EPS, total organic matter, and mud content than aggregations at the 

high intertidal area. 

The spring recruitment during April 2014 in aggregations closest to the LWST was 

followed by concurrent peaks in EPS, TOM, mud and water content. These are likely 

consequences of autogenic engineering by L. conchilega (Borsje et al., 2014; 

Passarelli et al., 2012). Following this period, tube density declined probably due to 

mass mortality as a consequence of competition for space and/or food between 

recently settled juveniles (Eckman, 1996) and/or predation by marine fauna such as 

birds (De Smet et al., 2013) and fish (Amara et al., 2001). This is not uncommon and 

has also been recorded for populations along the northern French coast (Ropert and 

Dauvin, 2000) and the southern English coast (Callaway, 2003). The decline in tube 
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density was followed by decreases in EPS, TOM, mud and water content. It is 

possible that as tube aggregations became sparser, they caused less deceleration of 

water flow at the benthic-boundary layer, resulting in relatively less sedimentation of 

fine particles (Borsje et al., 2014), as well as lower EPS and TOM content (Passarelli 

et al., 2012). Thus, decreases in median/mode grain size and organic enrichment of 

the sediment associated with L. conchilega aggregations seems particularly 

pronounced during spring recruitment with tube densities of approximately 30 000 

inds.m-2. It seems likely that high densities of species typically associated with the 

engineering effects of L. conchilega during the late spring-summer recruitment (De 

Smet et al., 2015) can contribute to the destabilisation of the surficial sediment via 

burrowing and grazing activities (e.g. Volkenborn et al., 2008), thus impacting 

erosion/deposition processes (Gutiérrez et al., 2011). 

The lowest tube densities were observed during winter months which were 

characterized by low air temperatures, surficial EPS, and TOM. Declines in tube 

density following winter periods are common (e.g. Beukema, 1992; Günther and 

Niesel, 1999; Strasser and Pieloth, 2001), suggesting a high susceptibility to lower 

temperatures. This may be related to seasonal decreases in primary producers, both 

in the water column and the sediment surface, that supply the short- and long-term 

energy storages for the species (Braeckman et al., 2012). In the present study, we 

observed lower concentrations of EPS and TOM at the sediment surface, as well as 

lower net primary production in the water column during the winter period of 2013-

2014. This suggests that scarce food sources during winter can be responsible for 

mass mortality through starvation. Remarkably, several of the aggregations farthest 

from the sea (i.e. from the low water spring tide, LWST) disappeared during winter 

(i.e. 0 ind·m-2), likely due to the harsher environmental conditions in comparison to 

conditions closer to the LWST. Hence aggregation persistence can be threatened for 

populations consisting of cohorts with short life-spans if animals do not survive until 

the next moment of reproduction. Although periods of mass mortality were detected 

during winter, the population at Boulogne seems able to sustain its temporal 

presence either through reproduction of the surviving fraction of the population and/or 

via the supply of new recruits from subtidal and/or offshore populations that are more 

stable (Ropert and Dauvin, 2000). As pointed out by Dittmann, (1999), the long-term 

population dynamics of L. conchilega may be determined by conditions during winter 

and the availability of new recruits. Thus, further work should attempt to discover the 
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source of L. conchilega recruits for Boulogne, and more importantly, the level of 

connectivity between L. conchilega populations in the North Sea to clarify short- and 

long-term population dynamics. 
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4.1. Abstract 

Biogenic reefs are important conservation targets within the European Union, 

covered by the legal framework of the Habitats Directive. Remote reef identification is 

challenging because of the wide set of criteria that potential methods need to abide 

by for coastal deployment in addition to covering appropriate resolutions for small-

scale mapping (< 0.5m). Recent alternatives combine low-cost, technically simple 

platforms coupled with non-metric digital cameras. One such alternative is evaluated 

in the first half of this chapter: the use of kite aerial photography (KAP) and low-

altitude digital photogrammetry for identification and change detection of intertidal 

polychaete aggregations. Monthly surveys were performed, resulting in 12 pairs of 

orthomosaics and digital elevation models (DEMs). A semi-automated protocol was 

developed to detect intertidal aggregations of the polychaete worm Lanice 

conchilega. Maximum likelihood classification (MLC) was applied to orthomosaics to 

differentiate L. conchilega from marine sediments. DEMs were de-trended to assess 

structures with positive elevation and identify aggregation edges. Lanice conchilega 

was distinguished from marine sediments by MLC with varying accuracy. Edge 

identification was also highly variable and displayed systematic biases. Nevertheless, 

KAP and low-altitude digital photogrammetry are suitable methods for mapping and 

monitoring intertidal biogenic aggregations, providing abundant materials for protocol 

development. The observations made of intertidal L. conchilega aggregations at 

Boulogne-sur-mer (France) are addressed in the second half of this chapter. Large 

global scale errors in the material hindered analytical change detection, thus the 

material was visually interpreted. Lanice conchilega formed three distinct types of 

small-scale distribution patterns during recruitment seasons, hinting at multiple 

mechanisms of pattern formation: patches, continuous beds, and interrupted beds. 

Patterns remained similar in the months following their formation, indicating that 

removal and/or dislodgement by water currents did not play significant roles in 

modifying small-scale distribution during our survey. Therefore, we hypothesize that 

small-scale spatial pattern formation in intertidal L. conchilega aggregations is mostly 

determined by conditions during larval settlement, and post-settlement survival.  
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4.2. Background on remote sensing and the Habitats Directive 

Legal conservation frameworks in the European Union are formed by the Bird 

Directive (2009/147/EC) and the Habitats Directive (92/43/EEC) (Evans, 2006). The 

latter constitutes an integral part of European conservation policy (Evans, 2006), 

listing habitat types that are prioritised for protection through the designation of 

management and/or conservation status (The Council of The European 

Communities, 2007). The Habitats Directive (hereafter referred to as the Directive) 

provides guidelines for creating special areas of conservation (SACs) and/or sites of 

community interest (SCIs) based on the identification of priority habitats and/or 

species per member state (The Council of The European Communities, 2007). 

Conservation status may be granted to coastal polychaete aggregations in this 

framework under habitat type 1170, also known as “biogenic reefs” (Hendrick and 

Foster-Smith, 2006). The interpretation manual for the Directive defines the reef 

habitat type as hard compact substrata of biogenic or geogenic origin, set on solid 

and soft bottoms, and arising from the sea floor in the sublittoral and littoral zone 

(European Commission DG Environment, 2013). The document makes allowances 

for biological zonation within reefs (European Commission DG Environment, 2013), 

as such the definition may include concretions like corals reefs (European 

Commission DG Environment, 2013), and natural formations such as iceberg 

scoured bottoms (Irvin, 2009), hydrothermal vents and submerged rock walls (Evans, 

2006). This broad set of habitats is a result of a vague definition, characterising 

several marine features which adds uncertainty to habitat identification and 

differentiation, and may hinder implementation of the Directive (Evans, 2006). 

Efforts to improve habitat identification and differentiation focus on landscape 

classification based on key characteristics related to biodiversity and ecosystem 

maintenance (Holt et al., 1998). Conventional methods in biogeography and spatial 

ecology are generally point-based, often failing to encompass the required spatial 

resolution (e.g. transect and core-sampling) (Zajac, 2007). They are also time-

consuming and require experienced taxonomists to sort through samples (Godet et 

al., 2009a). Unsurprisingly, recent studies in habitat identification often employ 

remote sensing methods to detect and differentiate organisms from their 

surroundings (e.g. Dekker et al., 2005; Mumby et al., 1997; Sanchez-Hernandez et 

al., 2007) as these methods are capable of covering extensive areas at high 

resolution, yielding substantial amounts of information (Godet et al., 2009a). 
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However, remote reef identification remains a challenging endeavour since potential 

methods must abide by a wide set of criteria for coastal deployment (Goodman et al., 

2013). They must resist severe climatic conditions such as high humidity, salt 

exposure, and frequent powerful wind forces (Goodman et al., 2013); cover large 

areas with high (i.e. 0.5m-10m - Wang et al., 2010) or very high spatial resolutions 

(i.e. <0.5m) (e.g. Degraer et al., 2008; Hendrick and Foster-Smith, 2006; Rabaut et 

al., 2009); and be cost-efficient and technically simple (Turner, 2014) while enabling 

sampling and comparison of species distribution, abundance, and coverage (Evans, 

2006). Common practices often employ cost-intensive methods (Gillespie et al., 

2008) with very coarse resolutions, unsuitable for small-scale mapping (Godet et al., 

2009a) (e.g. satellite-tethered sensors, manned or unmanned aircrafts). 

Recent viable alternatives combine low-cost, technically simple platforms coupled 

with non-metric digital cameras – e.g. Bryson et al., 2013; Paneque-Gálvez et al., 

2014; Smith et al., 2009. Low-altitude photography is a very promising group of 

methods for environmental mapping and monitoring due to the ultra-high spatial 

resolutions attainable with it. Recent applications include assessing vegetation 

distribution (e.g. Paneque-Gálvez et al., 2014) and landscape geomorphology (e.g. 

Marzolff and Poesen, 2009; Wundram and Löffler, 2008). Whereas coastal 

applications involve, for example, assessing beach litter (e.g. Nakashima et al., 

2011), and/or, more commonly, spatial patterns in species distribution on- (e.g. 

Bryson et al., 2013; Guichard et al., 2000; Mumby et al., 2004) and offshore (e.g. 

Magome et al., 2007). However, low-altitude remote sensing methods often yield 

case-specific results, requiring case-by-case analysis so that it can be considered ‘fit-

for-purpose’. To the best of our knowledge the use of low-altitude methods to assess 

the distribution of polychaete aggregations on sandy coasts has not been done 

before. As such, the first objective of our study is to evaluate the use of kite aerial 

photography (KAP) and low-altitude digital photogrammetry for identification and 

change detection of reef-like intertidal polychaete aggregations. Presently, we 

perform a case-study focused on intertidal aggregations of the sessile tube-building 

polychaete Lanice conchilega (Pallas, 1766). 

Lanice conchilega forms tube aggregations in temperate regions of the northern 

hemisphere (Hartmann-Schröder, 1996), and is abundant on European coasts 

(Godet et al., 2008). The aggregations consist of trapped material between arrays of 

sand tubes (Ziegelmeir, 1952) that can reach up to 30 000 ind·m-2 (Alves et al., 
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2017b), protrude up to 16cm in height (Rabaut et al., 2009), and spread across 

approximately 15m2 in area (Degraer et al., 2008). They are found as patches 

(Degraer et al., 2008) or beds (Godet et al., 2009b), which are detectable using 

remote sensing methods – e.g. Degraer et al., 2008. Recent efforts to improve 

identification and monitoring have evaluated tube aggregations in light of the reef 

definition provided by the interpretation manual (i.e. Hendrick and Foster-Smith, 

2006; Rabaut et al., 2009). However, application of those recently developed 

protocols remains restricted due to difficulties in assessing large areas for long-term 

monitoring (Godet et al., 2008). Thus, our second objective was to develop a protocol 

for remote detection of intertidal L. conchilega aggregations and evaluation of their 

physical characteristics to ascertain the likeness of intertidal aggregations to biogenic 

reefs, as well as assess their longevity, which has been an important source of 

uncertainty in past research. 

This chapter is divided into two parts. This first half (i.e. sections 4.2-6) aims to (1) 

evaluate the use of kite aerial photography (KAP) and low-altitude digital 

photogrammetry to map and monitor intertidal L. conchilega aggregations; and (2) 

develop a protocol for remote identification and quantitative scoring of reef-like tube 

aggregations following recommendations from previous research. The second half 

presents observations of intertidal L. conchilega aggregations made via our remote 

methods, and discusses the temporal evolution of its small-scale distribution patterns 

(sections 4.7-10). 

4.3. Study site 

An intertidal L. conchilega population was selected as a case-study at a sandy beach 

in Boulogne-sur-mer (Nord-Pas-de-Calais, France) (Fig 4.1). The beach is subjected 

to a semi-diurnal tidal regime, with sea level ranging from 4 to 9m (Jouanneau et al., 

2013). Exposure time for the monitored area was approx. 4h during low water spring 

tide (LWST) (determined from tidal gauge data) (Service Hydrographique et 

Océanographique de la Marine - SHOM, 2015). The study site was located north of 

the harbour wall by 250m (centroid: 400309.649152E, 5621211.02256N) and 

covered an area of approximately 3 700m2 (Fig 4.1), predominantly composed by fine 

and medium sand (Rabaut et al., 2008). This area was selected due to the presence 

of well-developed Lanice conchilega aggregations and accessibility during LWST for 

acquisition and sampling. 
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Fig 4.1. Map of the sandy beach in Boulogne depicting the monitored area in the study area 

(hashed rectangle), the port of Boulogne-sur-mer to the south, and the limits for low and high 

water spring tides (LWST and HWST respectively) approximated using satellite imagery. 

 

4.4. Mapping and monitoring methods 

4.4.1.  Aerial image acquisition 

The area was sampled on a monthly basis during LWST from June 2013 until 

November 2014, and again in April and August 2015, totalling 20 campaigns. Image 

acquisition (Fig 4.2) was performed using a compact digital camera attached to a 

FlowForm kite (Fig 4.2A and B) through a mechanical picavet suspension (Fig 4.2C). 

The camera was flown between 7m and 20m in height from ground level, acquiring 

images with a 3 seconds interval as the kite pilot walked the study site. Aerial 

photographs were taken using a Canon PowerShot D20 (lens: 28-140mm, sensor 

size: 6.2mm x 4.6mm, effective pixels: 4000 x 3000) (Fig 4.2C). The Canon Hack 

Development Kit (CHDK, 2013) was used for image acquisition with controlled 

parameters: an exposure value of 1/500 seconds, focal length of 28mm, and a fixed 

ISO determined by light conditions at the beginning of each campaign as either 100 

or 200 ISO. 
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Georeferencing was performed using thirty ground control points (GCPs), equally 

distributed as a rectangular grid of approx. 80m by 45m. Each GCP consisted of A3 

laminated cards (29.7cm x 42.0cm) with a simple black and white target design (Fig 

4.3A). Coordinates were registered using two techniques according to equipment 

availability. The first was a differential georeferencing system based on real-time 

kinematic (RTK) satellite navigation using global navigation satellite systems (GNSS). 

It relies on the use of two receivers working in tandem to estimate coordinates within 

a limited area in space at the resolution of few centimetres (Shuanggen et al., 2013). 

In summary, one receiver works as a base station, repeatedly receiving carrier phase 

signals from GNSS satellites, calculating atmospheric-related deviation in coordinate 

estimation, and transmitting correction signals to the second receiver (Shuanggen et 

al., 2013). The second receiver (henceforth known as rover) kinematically registers 

GCP coordinates using phase signals from GNSS satellites and correction signals 

from the base station (Shuanggen et al., 2013). Presently, we employed a pair of 

Trimble R6 RTK GNSS receivers (Fig 4.3). The rover was deployed using a 2m pole 

(Fig 4.3A), while the base station was set on a tripod on a stone pier approx. 400m 

inland (Fig 4.3B). The coordinates of the base station were determined at the start of 

the project. The Trimble R6s were deployed when available – i.e. in April 2014, 

October 2014, April 2015, and August 2015 - and a handheld Garmin eTrex 10 GPS 

receiver was used for all other campaigns with an expected accuracy of approx. 3.5m 

(Garmin Ltd., 2011). 
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Fig 4.2. Kite pilot mapping the study site (A) with the Flowform kite (detail in B) mounted with a 

mechanical picavet suspension carrying a Canon PowerShot D20 digital camera (detail in C). 
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Fig 4.3. A differential system was employed using two Trimble R6 real-time kinematic global 

navigation satellite system (RTK GNSS) receivers when available. The coordinates of 30 

ground control points were registered using one of the RTK GNSS receivers as a rover (A) while 

the other receiver was set as a base station on a stone pier approx. 400m away (B). The base 

station received carrier phase signals and sent correction signals to the rover, increasing 

measurement accuracy. 

 

4.4.2. Image processing, photogrammetric reconstruction, and L. 

conchilega detection 

A virtual 3D reconstruction of the ground relief was built from the sampled aerial 

photographs per campaign using low-altitude digital photogrammetry. Structure from 

motion (SFM) algorithms were applied for image alignment, identifying feature points 

that constitute geometrical similarities between photo pairs and estimating their 

location in space (see Verhoeven, 2011). Subsequently, a point cloud was generated 

using the oriented images and the projection of pixels in space (Verhoeven, 2011). 

The resulting point cloud was interpolated as a height field, resulting in a 2.5D 

landscape model known as a digital elevation model (DEM) wherein each xy-position 

has one elevation value (Verhoeven, 2011). The reconstruction was attempted per 

campaign to create one DEM per month from which digital terrain models (DTMs) 
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and rectified image mosaics (orthomosaics) were extracted with an aimed resolution 

of 1cm. Accuracy was assessed by estimating two types of errors per model. Global 

scale error (i.e. position error or root-mean square error, RMSE) was calculated as 

the difference in meters between the positions of ground control points as estimated 

by the 2.5D model and their real position (sensu Bryson et al., 2013). Local scale 

error (i.e. precision) was estimated as the difference between the dimensions of 

ground control points as estimated by the 2.5D model and their real dimensions (i.e. 

29.7cm x 42.0cm) (sensu Bryson et al., 2013). This data processing was executed in 

Agisoft PhotoScan v1.2.3 (Agisoft LLC, 2016). 

Lanice conchilega aggregations were evaluated according to Rabaut et al. (2009), 

who developed a system to score aggregations by their level of ‘reefiness’ (i.e. 

similarity to expected reef-like characteristics). The system evaluates noticeably 

distinct aggregations (i.e. different from their surroundings) and scores nine 

characteristics related to L. conchilega autogenic engineering: average tube density, 

aggregation relative elevation, aggregation size/area, total extent, sediment 

consolidation, fragmentation, species richness, Margalef’s index, and longevity 

(Rabaut et al., 2009). We attempted to distinguish L. conchilega aggregations from 

their surroundings by evaluating the characteristics that can be remotely derived – 

i.e. individual area/size, individual relative elevation, total extent, fragmentation, and 

longevity. Orthomosaics and DTMs were used to develop a semi-automated 

detection protocol for L. conchilega aggregations in ArcGIS Desktop v10.3 (ESRI, 

2014). Development consisted of four phases: (1) image classification, (2) reduction 

of classification noise, (3) conversion of absolute elevation to local differences, and 

(4) automated edge delineation (AED) (Fig 4.4). 

The first phase distinguished L. conchilega presence from bare sediment using pixel-

based supervised maximum likelihood classification (MLC) (Lillesand et al., 2014). In 

summary, MLC evaluates the statistical characteristics of pre-determined classes 

generating class signatures (Fig 4.4B), and subsequently estimates the probability 

that a given unknown pixel is a member of a particular class via maximum likelihood 

(Fig 4.4B) (Lillesand et al., 2014). Finally, the algorithm assigns the evaluated pixel to 

a class based on the estimated probabilities (Lillesand et al., 2014). We defined four 

classes based on L. conchilega presence and the expected ecosystem engineering 

effects of L. conchilega tubes on sediment composition (see De Smet et al., 2015; 

Rabaut et al., 2007): (1) Lanice conchilega, (2) muddy sediment, (3) dry sand, and 
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(4) intermediate sediment. Each class was visually characterized (Table 4.1) and the 

MLC algorithm (ESRI, 2016) was executed using manually delineated training 

samples to produce image classification rasters per campaign (ICR) (Fig 4.4B). 

Accuracy was assessed by verifying agreement between automated and manual 

pixel assignments (i.e. inter-rater agreement). The produced rasters were reclassified 

into presence/absence rasters by pooling together all sediment classes (Fig 4.4C); 

one hundred points were randomly generated, and used to sample the classification 

rasters. These samples were classified using visual identification, and compared to 

the ML outputs to estimate true/false pixel assignments between L. conchilega 

presence and absence classes. Subsequently, Cohen’s Kappa was calculated per 

campaign to statistically assess agreement between visual identification and the MLC 

algorithm pixel assignments. 
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Fig 4.4. Semi-automated reef detection protocol illustrated using inputs from June 2014 (A): 

Initially, image elements are classified using supervised maximum likelihood image 

classification (B). Subsequently, the outputs are reclassified into presence/absence rasters and 

noise reduction is applied using morphological erosion/dilation (C). Following this phase, mean 

elevation surfaces are removed from their respective digital terrain models by arithmetic 

subtraction (i.e. de-trending) to obtain relative elevation surfaces known as local relief models 

(LRMs) (D). Lastly, edges are delineated by extracting the 0m contour line from structures of 

positive elevation in the LRMs (E). 
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Table 4.1. Characterization of landscape features used to generate class signatures 

for supervised maximum likelihood image classification with example samples (each 

sample corresponds to 25cm x 25cm). 

Class Description 

Lanice conchilega  

 

Biogenic structures composed by L. conchilega sand tubes 

characterized by shades of brown with high variability in 

colour intensity. 

Muddy sediment  

 

Sediment characterized by light brown colours with moderate 

variability in colour intensity. 

Dry sand  

 

Sediment characterized by grey colour of low variability in 

colour intensity. 

Intermediate 

sediment 
 

 

Sediment characterized by grey colours displaying marks of 

reworking (i.e. wet sand, resurfaced anoxic sediment, visible 

grey sediment in shallow water pools). 
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During phase 2, classification noise in the presence/absence rasters was reduced by 

removing small features (i.e. ≤ 3cm length/diameter) according to Gonzales and 

Woods (2001) (Fig 4.4C). This was achieved through successive applications of two 

morphological tools: morphological erosion and dilation. Morphological erosion was 

applied first, retracting the boundaries of all L. conchilega pixel groupings by 3 pixels 

(i.e. 3cm) (Gonzales and Woods, 2001) (Fig 4.4C). This was followed by 

morphological dilation, expanding the same boundaries by 3 pixels (i.e. 3cm) 

(Gonzales and Woods, 2001) (Fig 4.4C). The process reclassified pixel groupings 

smaller or equal to 3cm in length/diameter, thus removing noise from the data 

(Gonzales and Woods, 2001) (Fig 4.4C). Phase 3 encompassed the conversion of 

absolute elevation to local relief models (LRM) using local de-trending (Gallant and 

Wilson, 2000) – i.e. removal of the overall slope of a neighbourhood and 

normalisation of the resulting elevation values (Gallant and Wilson, 2000). Mean 

elevation surfaces (MES) were produced per campaign as estimates of global trends 

by averaging absolute elevation within moving windows of fixed size (Gallant and 

Wilson, 2000) (Fig 4.4D). Subsequently, each MES was subtracted from its 

respective DTM resulting in surfaces of relative elevation per campaign known as 

local relief models (LRMs) (Gallant and Wilson, 2000) (Fig 4.4D). 

Automated edge delineation was performed during the fourth phase. For our study, 

aggregation edges were defined as the pixels between L. conchilega aggregations 

and bare sediment, constituting a slope (e.g. Borsje et al., 2014). We assessed 

relative elevation to detect the change in conditions between the two environments 

and selected the values at the base of the slope (i.e. closest to the bare sediment). 

Selection was performed by isolating elements of positive elevation from LRMs, 

applying noise reduction through morphological erosion/dilation of 3 cm, and 

extracting the 0m contour line (Fig 4.4E) which reflects deviations from the mean 

elevation (i.e. neighbourhood trend). During this process it became clear that the 

window size used in MES construction impacted the vertical resolution of LRMs 

(Gallant and Wilson, 2000), and consequently, edge delineation. Thus, we evaluated 

several sets of edges delineated using MESs made with different window sizes to 

assess the impact of MES window size on edge delineation. Tested window sizes 

ranged from 1m x 1m to 10m x 10m in steps of 1m. The lower limit was selected 

based on preliminary tests showing that window sizes smaller than 1m x 1m were 

ineffective at discerning physical structures larger than approximately 1m2. This value 
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coincides with the minimum area for which a score can be attributed to (Rabaut et al., 

2009). Conversely, the upper limit was restricted by processing power. Accuracy was 

evaluated by assessing concordance between automatically and manually delineated 

edges on data subsets from April 2014, October 2014, April 2015, and August 2015. 

Edge controls were produced manually (e.g. Fig 4.5A), and LRMs were generated for 

each subset using varying window sizes during MES construction (e.g. Fig 4.5B). 

Subsequently, automated edges were produced from elements of positive elevations, 

and both automated and manually delineated edges were aligned for comparison 

(e.g. Fig 4.5C). We evaluated the predicted image segmentation from automated 

edges against manual delineation/segmentation by estimating inter-rater agreement 

of pixel assignments (e.g. Fig 4.5D). Inter-rater agreement was quantified according 

to the level of concordance between manual and automatic pixel assignment using 

Cohen’s kappa coefficient (Foody, 2002). 
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Fig 4.5. Evaluation example of automated edge delineation using a spatial sample from April 

2014. The procedure involved (A) producing several control edges via manual delineation; (B) 

producing local relief models (LRMs) with mean elevation surfaces built using a range of 

window sizes; (C) extracting elements of positive elevation in the LRMs; performing noise 

reduction via erosion/dilation of 3 cm, and extracting the 0m contour line. Lastly, (D) 

concordance between automated and manually delineated edges was assessed with Cohen’s 

kappa. 
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4.5. Outputs from mapping and monitoring 

4.5.1. Acquisition, processing, and reconstruction 

Mapping, processing, and photogrammetric reconstruction was successful for 12 

data sets out of 20 campaigns that were executed (Table 4.2). Average coverage 

was 2 488m2 (SD: 759m2) from an approximate total area of 3 700m2 (i.e. 67% 

coverage) (Table 4.2). Relief reconstruction through digital photogrammetry produced 

12 pairs of digital terrain models (Addendum II.A-L) and orthomosaics (Addendum 

III.A-L): June, July, October, and December 2013; March, April, June, July, August, 

and October 2014; April and August 2015. The average final spatial resolution per 

pair was 2.98mm·pixel-1 (SD: 0.74mm·pixel-1), with global scale error of 0.89m (SD: 

0.66m) and local scale error of 0.01m (SD: 0.02m) (Table 4.2). Unsurprisingly, global 

scale errors were higher for reconstructions georeferenced using the Garmin eTrex 

10 GPS receiver (average global scale error of 1.30m; SD: 0.35m) in comparison to 

reconstructions georeferenced using the RTK GNSS system (average of 0.09m; SD: 

0.04m) (Table 4.2). Furthermore, although reconstruction was successful, the DTM 

from December 2013 comprised an unrealistic surface (see Addendum II.D). 

Reconstruction artefacts were also found in five other DTMs: October 2013, March 

2014, October 2014, April 2015, and August 2015 (Fig 4.6). Artefacts were detected 

visually and defined as features contrasting from expectation once surrounding relief 

and orthomosaic have been analysed. Linear slopes that contrast with expected relief 

were detected in portions of two DTMs (4.6A and B), while unusually abrupt changes 

in the interpolated height field were observed in three others (4.6C-E). In addition, 

artefacts associated to water presence as well as marked differences in light 

conditions (i.e. brightness and contrast) were identified on four orthomosaics – 

October 2013, June 2014, August 2014, and August 2015 (Fig 4.7). 
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Fig 4.6. Visually identified artefacts (red squares) on local relief models from (A) October 2013, 

(B) March 2014, (C) October 2014, (D) April 2015, and (E) August 2015. Linear slopes that 

contrast with expected relief were detected in portions of two DTMs (A and B), while unusually 

abrupt changes in the interpolated height field were observed in three others (C-E).  
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Fig 4.7. Visual inspection of orthomosaics revealed noticeable variation in brightness/contrast 

(delimited by blue brackets) as well as water-related artefacts due to water accumulation into 

puddles (red squares and zoom view) in campaigns during (A) October 2013, (B) June 2014, 

(C) August 2014, and (D) August 2015. 
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4.5.2. Semi-automated detection protocol 

The accuracy of supervised maximum likelihood classification in correctly identifying 

L. conchilega presence was on average 69.95% (SD: 23.17%) per orthomosaic, 

whereas its ability to correctly identify its absence was 83.55% (SD: 9.94%) (Table 

4.3). Agreement between visual identification and MLC was very low with Cohen’s 

Kappa ranging from -0.21 to 0.12. The classification procedure detected L. 

conchilega presence during all campaigns with highest true presence percentage 

during June and July of each year (Table 4.3). The lowest estimate was found on 

April 2015 (Table 4.3) for which visual inspection of orthomosaics revealed high 

interspersion of sand within L. conchilega aggregations (Fig 4.8). 

 

 

Fig 4.8. Training sample for the Lanice conchilega class (red polygon) on the orthomosaic from 

April 2015 (A). The lowest classification accuracy was observed during this date, likely due to 

interspersion of sand pixels between L. conchilega pixels in the training samples causing 

overlap between signatures (B). Histograms show count of pixels (vertical axis) per value 

(horizontal axis) in each band of the orthomosaic for April 2015 (B). Extreme overlapping of 

class samples (represented by colour) due to similar pixel values can be noted (B). 
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Noise reduction resulted in the reclassification of 13.7% (SD: 6.1%) of pixels in the 

presence/absence rasters. Reclassification was highest for pixels initially assigned to 

the L. conchilega class with 13.0% (SD: 6.1%) being reclassified as bare sediment 

after noise reduction. Conversely, only 0.6% (SD: 0.6%) of bare sediment pixels were 

reclassified as L. conchilega after noise reduction. The percentage of unchanged 

pixels fluctuated around 86.3% (SD: 6.1%). 

Concordance between automated edge delineation (AED) and manually delineated 

samples was low with Cohen’s kappa ranging from 0.04 to 0.63. In addition, the 

window sizes used to average elevation influenced delineation accuracy by impacting 

the final position of automated edges on aggregations edge slope creating spatial 

trends (e.g. Fig 4.9). The use of small averaging windows (i.e. < 500px/5m) resulted 

in lower accuracy (i.e. higher false absence) in areas with well-developed L. 

conchilega aggregations than larger windows (e.g. Fig 4.9B). Conversely, employing 

smaller window sizes resulted in higher accuracy (i.e. lower false absence) for areas 

with small and sparse aggregations (e.g. Fig 4.9C). Consequently, we were unable to 

successfully apply the scoring system developed by Rabaut et al. (2009) as only 

aggregations of obviously high value could be reliably identified. This has impacted 

assessments of L. conchilega small-scale distribution patterns as analyses became 

restricted to visual interpretation of the orthomosaics, digital terrain models, and 

presence/absence rasters (see sections 4.7-10). 
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Fig 4.9. The window size used to average elevation during MES construction affected 

delineation accuracy by impacting the final position of automated edges on elevation slopes, 

creating spatial patterns (A). (B) The use of smaller window sizes (e.g. 300px/3m) resulted in 

lower accuracy in areas with well-developed aggregations than employing larger MES window 

sizes (e.g. 1000px/10m). Conversely, accuracy was higher if small windows were used in areas 

of sparse distribution (C) than larger averaging windows. 

 

4.6. Evaluating mapping and monitoring methods 

The first half of this chapter focused on (1) evaluating the use of kite aerial 

photography and digital photogrammetry to map intertidal L. conchilega 

aggregations; and (2) developing a protocol for remote detection of these 

aggregations. 

4.6.1. Acquisition, processing, and reconstruction 

The success of KAP and digital photogrammetry was assessed by evaluating the 

image acquisition process (i.e. mapping), the accuracy of photogrammetric 

reconstruction, and the validity of local relief models (Smith et al., 2009). Kite aerial 

photography fulfilled the environmental requirements for coastal deployment, being 
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successfully used under a vast array of weather conditions (e.g. high humidity, 

variable winds, salt exposure, and light rain) (sensu Goodman et al., 2013). It is worth 

noting that KAP deployment in soft sediments may be more difficult than in 

consolidated or hard substrata, which facilitates the execution of a scanning path with 

the kite. Nevertheless, deployment in the sandy beach of Boulogne was not hindered 

by its soft-sediments. Twelve DEMs were produced out of twenty attempts (1 per field 

campaign) (i.e. 60% success rate) with an average coverage of 67% of the total area. 

Deployment was dependent on climate conditions, namely the tidal cycle and wind 

conditions (i.e. speed and turbulence). Optimal wind speed was between approx. 

12km/h (enabling lift-off with rig and camera, pers. obs.) and 38km/h (maximum 

recommended for the kite by its manufacturer, Didakites at Beeusaert-Braet BVBA, 

2010). Wind turbulence during acquisition hindered photo selection and matching in 

some instances, as it often resulted in blurred photographs (pers. obs.). Therefore, 

KAP should be deployed frequently when performing environmental monitoring. 

Alternative platforms such as drones and remote-controlled helicopters may be 

considered to improve coverage as they are able to maintain fixed courses in windy 

conditions, but are susceptible to high humidity and/or rain which may restrict 

sampling frequency. Blimps and/or weather balloons may also display better control 

during acquisition and improve coverage, but are unstable in high wind speeds 

and/or turbulence. In addition, these platforms are less cost-efficient than a kite (e.g. 

Chirayath and Earle, 2016) and require specialized training, hindering their use in 

long-term monitoring (Godet et al., 2009a). Nevertheless, they may be useful 

compliments to KAP if available. Thus, we consider the kite a suitable platform for 

low-cost coastal remote sensing, and suggest a conservative acquisition frequency to 

overcome weather-related challenges. 

The average resolution of local relief models (i.e. real pixel size) was within the 

spatial scale required to monitor small fragmented biogenic tube aggregations (i.e. 

<0.5m) – see Degraer et al., 2008; Hendrick and Foster-Smith, 2006; Rabaut et al., 

2009. Our global scale errors were associated to georeferencing with models 

georeferenced by the RTK GNSSs displaying smaller errors (0.09 ± 0.04m) than 

those georeferenced with the handheld GPS (1.30 ± 0.35m). The latter was similar to 

previous research using handheld GPS receivers – i.e. 1.02m using KAP (Bryson et 

al., 2013). However, other studies found generally lower errors using survey-grade 

equipment – e.g. 0.13m using KAP and ground-based trigonometric measurements 
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(Wundram and Löffler, 2008); approx. 0.08m using blimp/kite aerial photography and 

a total station (Marzolff and Poesen, 2009); approx. 0.03m using a blimp and 

unspecified survey-grade equipment (Guichard et al., 2000); and approx. 0.02m 

using KAP and a total station (Smith et al., 2009). Thus, survey-grade equipment is 

preferred as it may increase global scale accuracy (Bryson et al., 2013), but will also 

likely increase costs and technical requirements. Alternatively, significant reduction of 

global scale errors can be achieved via camera calibration (e.g. Bryson et al., 2013; 

Chandler et al., 2005; Smith et al., 2009). This consists on the estimation of key 

parameters of the internal geometry of the camera sensor (e.g. focal length, ISO, 

exposure, lens distortions) to remove camera-related distortions (Aber et al., 2010). 

Presently, all key parameters were fixed prior to each campaign and camera 

calibration was performed using the self-calibrating bundle in the photogrammetry 

software (Verhoeven, 2011). 

Average local scale errors were very low during our study with the estimate of 0.01m 

smaller than that recorded by previous studies using similar equipment (i.e. 0.04m by 

Bryson et al., 2013, with KAP and handheld GPS). This enabled accurate distance 

measuring from individual LRMs (Smith et al., 2009). However, the relatively large 

global scale errors obtained during the survey hindered automated comparison 

between campaigns due to the presence of systematic positioning errors (Smith et 

al., 2009). These global scale errors generate displacement between dates at small-

spatial scales resulting in false change detection (Hussain et al., 2013) (e.g. Dekker 

et al., 2005; Fensham et al., 2007). Thus, application of the present methods may be 

restricted when using a handheld GPS due to the resulting large global scale errors. 

Nevertheless, the magnitudes of both local and global scale errors obtained presently 

were consistent with expectations for both georeferencing systems (see section 

4.4.1), resulting in DTMs with sufficient resolution for basic metrics estimation and 

visual comparison between LRMs. Lastly, artefacts related to environmental 

characteristics were found on five DTMs and four orthomosaics, reinforcing the need 

to regard environmental conditions during acquisition. These were likely associated 

to light conditions and water accumulation into puddles on the intertidal prior to 

surveying, resulting in distortion during relief reconstruction (Aber et al., 2010) (e.g. 

Chandler et al., 2005; Marzolff and Poesen, 2009; Smith et al., 2009).  
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4.6.2. Semi-automated detection protocol 

Remote monitoring of specific habitats and/or organisms often involves applying a 

classification algorithm onto images and/or mosaics of a landscape resulting in its 

segmentation which is then used in change detection (Hussain et al., 2013). The 

process of image classification has been applied in terrestrial systems to assess 

several landscape properties, such as human land-use (e.g. Abd El-Kawy et al., 

2011; Erbek et al., 2004) and land cover (e.g. Aguirre-Gutiérrez et al., 2012). Coastal 

applications encompass characterising and assessing changes in coastal landscape 

morphology (e.g. Ekebom and Erkkilä, 2003; Hoonhout et al., 2015; Sanchez-

Hernandez et al., 2007), as well as assessing temporal patterns in the distribution of 

several organisms. For example, coral reef communities (e.g. Hernández-Cruz et al., 

2006; Mumby et al., 1997) and submersed aquatic vegetation (SAV) such as 

macroalgae (e.g. Dekker et al., 2005; Gullström et al., 2006) and seagrasses (e.g. 

Dekker et al., 2005; Hernández-Cruz et al., 2006). Nevertheless, results for image 

classification algorithms often vary in a case-specific manner. Therefore, we 

compared the accuracy attained presently with maximum likelihood classification 

(MLC) to its previous uses in coastal regions. 

Maximum likelihood classification is a widely used algorithm for image classification 

and its previous uses in coastal studies obtained highly variable accuracy – e.g. 62-

94% (saltmarsh biome - Sanchez-Hernandez et al., 2007), 21-60% (coral reefs - 

Mumby et al., 1997), 80-100% (SAV communities - Dekker et al., 2005), 21-23% 

(forest biome – Sanchez-Hernandez et al., 2007). Similarly, our classification 

accuracy (i.e. true presence percentage) was highly variable and agreement between 

the automated classification and visual identification was extremely low. This may be 

due to uncertainties during class signature delineation as similarity between 

signatures can result in inconsistent classifications (Mumby et al., 1997). Visual 

interpretation of orthomosaics revealed that the classification raster with the lowest 

accuracy (i.e. April 2015) coincided with the presence of sand and mud sediments 

inside L. conchilega aggregations. This can generate low separability between 

classes and result in overlap between signatures, biasing pixel assignment (Mumby 

et al., 1997) (e.g. Dekker et al., 2005). Although signature separability was assessed 

visually prior to MLC, and training samples adjusted accordingly, additional analytical 

assessment of signature separability may improve results (e.g. Dekker et al., 2005), 

but should increase technical requirements considerably. Lastly, alternative 
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classification methods may be considered, such as support vector machines and/or 

support vector data which have shown higher accuracy in coastal landscapes than 

MLC (e.g. Sanchez-Hernandez et al., 2007). 

Edge delineation was attempted by analysing relative elevation (see section 4.4.2), 

an important feature for reef identification (sensu Hendrick and Foster-Smith, 2006; 

Rabaut et al., 2009). The procedure resulted in low concordance between the 

automatically generated edges and hand delineation with high variation between 

dates. This indicates that relative elevation is insufficient to delineate protruding L. 

conchilega aggregations and should be complemented. Furthermore, results 

revealed a relationship among false absence/presence percentages and relief 

complexity wherein areas with well-developed L. conchilega aggregations displayed 

lesser mismatch between automatically and manually delineated edges than areas 

with small and sparse aggregations. 

It has also been found that the window size used in MES construction indirectly 

affected false absence/presence percentages by influencing the position of 

generated edges during the delineation phase and modifying its placement on the 

actual edge gradient. Future work should attempt to reduce these two biases as it 

could greatly improve concordance. Improvements could include a conditional 

selection of polygons based on the image classification outputs (e.g. by selecting 

polygons using L. conchilega pixel counts from presence/absence rasters). Changing 

how the reference elevation surface is calculated may also improve detection. 

Presently, a moving window is used to create mean elevation surfaces (MESs) as 

references to convert DTMs into LRMs (see section 4.4.2). The process creates 

reference surfaces that may contain localised biases due to changes in elevation 

from the presence of L. conchilega aggregations. An alternative solution could 

involve a different interpolation method to create reference elevation surfaces. As 

such, the bias from L. conchilega presence may be avoided by sampling elevation 

from points in bare sediment, then subsequently interpolating the height field from 

these values. Unfortunately, this method of interpolation was avoided presently 

because we are unable to ensure that only points outside of L. conchilega 

aggregations were sampled from the DTMs for interpolation of the reference surface. 

Further improvement may be achieved by sampling extra information from the 

environment (see further).  
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The presence of dense L. conchilega aggregations affects sediment properties which 

may be remotely sensed to improve reef detection. For example, Lanice conchilega 

aggregations attenuate water flow by acting as a physical barrier (Borsje et al., 2014) 

and microscopic photosynthesizing organisms tend to develop further in these 

conditions than in bare sediment (Passarelli et al., 2012). As such, L. conchilega 

aggregations indirectly modulate chlorophyll-a concentration at the sediment surface 

(De Smet et al., 2015). Thus, a remote evaluation of surficial chl-a content should aid 

in differentiating L. conchilega aggregations from their surroundings since chl-a 

content is expected to be higher within L. conchilega aggregations due to its effect on 

flow (Passarelli et al., 2012). Detection of chl-a concentration at the sediment surface 

can be achieved by sampling the near-infrared part of the spectrum (e.g. Bryson et 

al., 2013; Pauly and De Clerk, 2011). Adapting the acquisition camera to image this 

portion of the spectrum can be easily achieved without largely inflating costs but may 

require further technical expertise in analysing the data (Pauly and De Clerk, 2011). 

In addition, recent research at Boulogne shows that the effect of L. conchilega on 

surficial chl-a content varies seasonally with higher concentrations inside 

aggregations during spring relative to autumn (De Smet et al., 2015). Thus, although 

imaging the NIR spectrum may improve detection, it warrants further investigation as 

the effect of seasonality could influence the outputs. 

Employing KAP enabled detection of tube aggregations as small as 4cm in 

diameter/length (post-noise reduction), but excluded smaller aggregations. This may 

result in underestimation of total L. conchilega coverage and low-value aggregations 

coverage, but should not impact the identification of high-value concretions which are 

commonly targeted for conservation monitoring (Rabaut et al., 2009). The 

relationship among error types, L. conchilega aggregation size, and relative elevation 

may still be employed to distinguish aggregations of low and high value. However, 

due to the aforementioned challenges in edge detection and time constrains, the 

scoring system could not be applied. As such, further development is necessary to 

(semi-) automate the process as well as apply the scoring system by Rabaut et al. 

(2009). Comparatively, previous research successfully detected both intertidal and 

subtidal L. conchilega aggregations at coarser resolutions (i.e. larger than 0.8m2) 

using very-high resolution side-scan sonar (Degraer et al., 2008). Thus, although 

both methods are suitable for the detection of small-scale patterns, each displays 

unique characteristics that should be taken into account when designing monitoring 
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efforts. Side-scan sonar requires higher technical expertise to analyse the data and 

has higher financial requirements than KAP. However, very-high resolution side-scan 

sonar may be deployed in subtidal environments (Degraer et al., 2008) where KAP 

cannot. In addition, the application of KAP may be limited by unfavourable 

atmospheric conditions, whereas deployment of side-scan sonar depends on sea 

conditions (Degraer et al., 2008). Nevertheless, both methods can be used to 

complement each other, since side-scan sonar may be used under conditions that 

KAP cannot and vice-versa. Despite technical challenges, valuable ecological 

information was successfully extracted using KAP and low-altitude photogrammetry. 

The subsequent sections of this chapter address these observations and the case-

study of Lanice conchilega aggregations. 

4.7. Background on the spatial ecology of polychaete aggregations 

and Lanice conchilega 

Polychaete tube aggregations generally contribute to ecosystem functioning through 

ecosystem engineering of local environmental properties (sensu Jones et al., 1994), 

regulating resources to other species in two possible ways: autogenically (i.e. via 

physical presence; e.g. seagrasses modulating hydrodynamic flow - Balke et al., 

2012) and/or allogenically (i.e. via its activities; e.g. burrowing fauna such as 

mangrove crabs - Kristensen, 2008) (Jones et al., 1994). As autogenic engineers, 

polychaete aggregations affect water flow as it passes through tube arrays 

modulating local hydrodynamic regimes (Friedrichs et al., 2000) and influencing 

related processes – e.g. sedimentation rates (Borsje et al., 2014) and larval 

recruitment (Bhaud, 2000). They also add complexity to micro-scale topography 

(Crain and Bertness, 2006), increasing habitat availability (e.g. Dubois et al., 2002; 

Godet et al., 2008) and spatial heterogeneity (e.g. Godet et al., 2011; Zühlke, 2001). 

As allogenic engineers, polychaetes alter sediment biogeochemistry via bioturbation 

and/or bioirrigation (e.g. Braeckman et al., 2010; Volkenborn et al., 2007). These 

changes produce different micro-habitats, expanding overall niche availability 

(Boogert et al., 2006) and impacting associated communities (e.g. 

microphytobenthos - Passarelli et al., 2012; infaunal diversity - Dubois et al., 2002). 

Thus, polychaete aggregations should be considered valuable targets for 

conservation and coastal management (Godet et al., 2008). 
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As previously mentioned, Lanice conchilega builds sand tube aggregations in 

temperate coastal zones (Hartmann-Schröder, 1996), and is particularly abundant on 

the North Sea (Godet et al., 2008). Its aggregations can reach up to 30 000 ind·m-2 

(Alves et al., 2017b), 16cm in height (Rabaut et al., 2009), and 15m2 in area (Degraer 

et al., 2008), being structured as patches (Degraer et al., 2008) or beds (Godet et al., 

2009b). Similarly to other polychaete aggregations, L. conchilega tube aggregations 

autogenically engineer (sensu Jones et al., 1994) water flow at the benthic-boundary 

layer and adjacent marine sediments by posing as physical barriers to water, 

attenuating flow as it passes through the sand tubes and reducing its velocity (Borsje 

et al., 2014). The attenuated flow leads to increases in local sedimentation rates 

(Borsje et al., 2014), altering surficial sediment composition and larval settlement 

(Rabaut et al., 2009). In addition, L. conchilega tube arrays can also entrap organic 

matter, supporting the development of microbial communities (Passarelli et al., 2012). 

The changes imposed by L. conchilega are extensive, impacting several ecosystem 

processes and properties, and positively affecting biodiversity (De Smet et al., 2015). 

Autogenic engineering effects from L. conchilega aggregations may vary with tube 

density (Borsje et al., 2014). Past certain thresholds, flow attenuation is such that 

aggregations develop reef-like characteristics (Rabaut et al., 2009). Tube mounds 

may achieve significantly different elevation from their surroundings (Borsje et al., 

2014) with contrasting sediment properties (e.g. cohesion and composition) (Rabaut 

et al., 2007), and develop a distinct biological community (De Smet et al., 2015). 

Thus, large aggregations, such as extensive beds may be considered high value 

reefs under the Habitats Directive framework (Rabaut et al., 2009). Indeed, subtidal 

aggregations have been recently recognized as part of habitat type 1170 (i.e. 

biogenic reefs) and included in the delineation of a SCI on the Belgian coast (SAC 

Vlaamse Banken BEMNZ0001). However, some uncertainties remain regarding L. 

conchilega aggregations longevity (i.e. ability to maintain reef-like characteristics 

through time) (Holt et al., 1998). 

The temporal stability of engineering effects is an important factor in conservation 

research (Holt et al., 1998). Long-lasting autogenic concretions are expected to have 

a higher ecological value than comparable but ephemeral constructs (Callaway et al., 

2010), because constantly disappearing effects may result in a reduction of 

resources, such as shelter or food to other species – e.g. coral reefs (Graham, 2014). 

The temporal stability of autogenic ecosystem engineers depends on the properties 
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of their concretions determining rates of decay (Hastings et al., 2007). Seasonal 

fluctuations in L. conchilega abundance may result in substantial reduction or 

complete disappearance of both intertidal (e.g. Alves et al., 2017b; Callaway et al., 

2010; Ropert and Dauvin, 2000) and subtidal aggregations (e.g. Buhr and Winter, 

1976; Van Hoey et al., 2006b) during periods of harsh conditions. This likely occurs 

due to strong effects of environmental conditions and recruitment success on the 

ability of L. conchilega to establish and maintain reef-level population densities 

(Callaway et al., 2010).  As such, seasonal cycles can result in highly dynamic 

populations with ephemeral aggregations as observed by Callaway et al. (2010) for 

an intertidal L. conchilega population in Rhossili Bay (South Wales, UK). 

Several factors may influence the formation of the commonly observed patchy 

structure of L. conchilega aggregations. As a sessile spawner, the distribution of L. 

conchilega may vary according to processes pertaining to larval recruitment and 

settlement (Bhaud, 2000), as well as post-settlement survival (Levin, 1992). The 

presence of adult tubes or similarly protruding structures may facilitate larval 

settlement locally by providing additional substrate for attachment (Callaway, 2003), 

and/or ameliorating hydrodynamic conditions through physical attenuation (Rabaut et 

al., 2009). The presence of living conspecifics may also influence local settlement by 

exuding chemical cues to settling individuals (Callaway, 2003). Heterogeneous 

topography may also induce different hydrodynamic conditions in space and facilitate 

L. conchilega occurrence, sustaining spatial patterns at a local scale (i.e. 100-1000m) 

without the need for the presence of tubes and/or other similar structures. Previous 

research has shown L. conchilega larvae settling in the absence of those features 

(e.g. Dittmann, 1999; Strasser and Pieloth, 2001), potentially constituting a way for 

aggregations to form in previously bare sediment. Additionally, differential 

hydrodynamic stress may also result in heterogeneous dislodgement and/or removal 

of individual worms post-settlement (see Heuers et al., 1998; Ropert and Dauvin, 

2000), further contributing to landscape heterogeneity and changing early patterns 

(sensu Levin, 1992). These interactions should modulate tube density, aggregation 

size and distribution in the coastal environment.  Therefore, our last objective was to 

analyse the temporal evolution and persistence of small-scale L. conchilega 

distribution in the intertidal zone, as well as aggregation longevity.  

4.8. Methods to assess the temporal evolution of L. conchilega 

small-scale distribution 
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Percentage coverage was estimated from presence/absence rasters derived from 

supervised maximum likelihood image classification (see section 4.4.2). The 

relationship between topographical features and L. conchilega presence was 

evaluated visually by aligning the presence/absence rasters with their respective 

DTMs (see section 4.4.2). Longevity was estimated for individual aggregations by 

counting the number of sequential months in which clearly identifiable concretions 

were present, whereas persistence was evaluated by estimating the longevity of L. 

conchilega presence in the intertidal from orthomosaics. Lastly, visual interpretation 

of orthomosaics, digital terrain models, and presence/absence rasters was used to 

identify L. conchilega small-scale distribution patterns and evaluate their temporal 

evolution. 

4.9. Observations on the temporal evolution of L. conchilega small-

scale distribution 

Lanice conchilega was detected at all campaigns during the survey with visual 

inspection of orthomosaics (Addendum III) confirming detection results (see section 

4.5.2). Percentage coverage within the study area ranged between 13.38% and 

43.86%. Higher coverage (i.e. above 30%) was observed during June 2013, and 

April, June and August 2014 (see Table 4.3 previously). In addition, although 

aggregations comprised areas of positive relative elevation within the study area (Fig 

4.10A), the total extent of L. conchilega distribution was restricted to a depression in 

the intertidal zone (Fig 4.10B and 4.10C). Maximum individual aggregation longevity 

was 5 months (i.e. June 2013-October 2013) (Fig 4.11). Furthermore, three 

aggregation types were distinguished during the survey according to their physical 

characteristics (Fig 4.11). The first type was identified in the period between June 

2013 and October 2013, and was observed again during April 2014 (Fig 4.11), and 

October 2014 (see Addendum III.J). Type 1 distribution consisted of tube 

aggregations that were visually distinct from bare sediment while being compact and 

mound-shaped, i.e. patches (Fig 4.11). The second type constituted extensive beds 

occurring in June 2014 (Fig 4.11), while type 3 distribution consisted of regularly 

interrupted beds, observed from July 2014 until August 2014 (Fig 4.11). The reader is 

referred to table 1.1 for detailed definitions of small-scale distribution types. 
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Fig 4.10. Illustration of the relationship between Lanice conchilega presence and relative 

elevation: (A) Individual aggregations (white) were related to positive relative elevation. Note 

that the surface was rescaled for plotting from a resolution of 0.01m to 0.5m using arithmetic 

averages. (B, C) Transects of the mean elevation surfaces show overall presence is 

concentrated on a depression in the intertidal zone (thicker lines in C). 
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Fig 4.11. Temporal persistence 

of L. conchilega aggregations 

and evolution of its distributional 

patterns. Small variations in 

patch location between dates is a 

consequence of georreferencing 

accuracy between campaigns. 
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4.10. Discussion on the temporal evolution of L. conchilega small-

scale distribution patterns 

Our study focused on intertidal aggregations located near the low water spring tide 

mark (LWST), an area in which L. conchilega occurs in high abundance and seems 

to prefer (in addition to shallow subtidal waters) (Strasser and Pieloth, 2001). 

Intertidal aggregations have been considered physically similar to subtidal 

concretions (Degraer et al., 2008), enabling comparison between the two. However, 

the different environmental conditions between these two zones may generate 

divergent processes and/or properties. Therefore, caution is advised when comparing 

the present findings from an intertidal zone to research with subtidal populations. 

Seasonal fluctuations in environmental conditions affect L. conchilega abundance 

and can result in substantial reductions or complete disappearance of aggregations 

during periods of harsh conditions in both intertidal (e.g. Callaway et al., 2010; Ropert 

and Dauvin, 2000) and subtidal zones (e.g. Buhr and Winter, 1976; Van Hoey et al., 

2006b). However, L. conchlega distribution may display ‘long-lasting persistence’ 

(Callaway et al., 2010) with individuals being able to re-establish aggregations 

regardless of the preceding presence of protruding structures and/or adult tubes (e.g. 

Dittmann, 1999; Strasser and Pieloth, 2001). Our observations on the sandy beach at 

Boulogne corroborate these trends. Coverage fluctuated seasonally throughout the 

survey, peaking during known recruitment months (i.e. April-June) (e.g. Ropert and 

Dauvin, 2000; Van Hoey et al., 2006b). Lanice conchilega was present during the 

entire survey while individual aggregations persisted at most for 5 months. In 

addition, distribution was highly influenced by topography with total extent restricted 

to a depression on the intertidal zone. At these spatial scales (i.e. 100m – 1000m) it 

is likely that L. conchilega distribution is determined by larval recruitment and survival 

in a similar fashion to other sessile spawners (Bhaud, 2000) – e.g. Callaway et al., 

2010; Heuers et al., 1998; Ropert and Dauvin, 2000; Strasser and Pieloth, 2001. 

These processes are often influenced by larvae availability in the water column 

(Strasser and Pieloth, 2001), hydrodynamic regime at the benthic-boundary layer 

(Heuers et al., 1998), and level of wave-action exposure (Callaway et al., 2010). 

None of these factors has been assessed in the present effort. Nevertheless, 

previous observations suggest that L. conchilega may accumulate in topographical 

depressions as a function of local hydrodynamic conditions (e.g. Heuers et al., 1998; 

Ropert and Dauvin, 2000). These areas may display relatively high speed water 
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currents (Heuers et al., 1998), resulting in high water exchange which effectively 

flushes topographical depressions (Ropert and Dauvin, 2000). It can be hypothesized 

that the high exchange rate maintains a uniform chlorophyll concentration in these 

depressions since water stagnation may lead to chl-a depletion by L. conchilega 

through filter-feeding pressure (Denis et al., 2007). Similarly to the aforementioned, 

the accumulation of L. conchilega in an intertidal depression in Boulogne is likely 

related to local hydrodynamic conditions. However, since the relationship between 

topography and flow condition is highly complex (Jouanneau et al., 2013), inferences 

cannot be made regarding current speeds at the study site, requiring further 

research. 

Small-scale spatial pattern formation in L. conchilega aggregations may be 

influenced by interactions between populations and hydrodynamic processes as 

previously mentioned – e.g. animal dislodgement (e.g. Ropert and Dauvin, 2000) 

and/or heterogeneity in larval settlement (Heuers and Jaklin, 1999). Nevertheless, 

larval processes may also contribute to spatial pattern formation (Levin, 1992). 

Irregular larval settlement may be caused by the presence of protruding structures 

facilitating larval recruitment locally (e.g. Callaway, 2003; Rabaut et al., 2009), and 

giving rise to early patterns which can be later modified by post-settlement mortality 

(Levin, 1992). In addition, water flow may be ameliorated as it passes through and 

around tube aggregations (Borsje et al., 2014), facilitating larval retention and 

settlement (Rabaut et al., 2009). Furthermore, large-scale hydrodynamic conditions 

may also influence small-scale pattern formation in dynamic environments (Callaway 

et al., 2010), such as intertidal zones. Different patterns may form following different 

settlement moments due to spatially irregular hydrodynamic conditions (e.g. Callaway 

et al., 2010). Lanice conchilega has two settlement moments within its life-cycle 

(Kessler, 1963). The first occurs during the bipartite pelagic larval phase, while the 

second marks the beginning of juvenile development (Kessler, 1963). The two 

settlement moments occur during spring season (approx. May-June) (see Ropert and 

Dauvin, 2000; Van Hoey et al., 2006b), and are separated by a 1 month interval 

(Kessler, 1963) (see addendum I for details on the life cycle of L. conchilega). As 

such, multiple small-scale spatial patterns are expected to be observed within the 

time span of one life-cycle, and particularly within recruitment season. 

Three small-scale patterns were observed on the intertidal zone during that time 

frame: (1) sparse and compact mound-shaped aggregations (i.e. patches), (2) 
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extensive beds, and (3) interrupted beds. The beach of Boulogne has a highly 

dynamic tidal cycle with flood and ebb tides displaying distinct regimes characterized 

by eddy formation and localised turbulence (Jouanneau et al., 2013). Therefore, it is 

likely that different patterns were formed as a function of distinct hydrodynamic 

conditions during settlement moments, and changed later due to post-settlement 

mortality (Levin, 1992). Patches were dominant in Boulogne during the first half of the 

survey (June 2013 – April 2014) with an interruption between December 2013 and 

March 2014 (i.e. during winter). The other two types were observed between June 

2014 and August 2014, followed by a patchy distribution again in October 2014. 

These moments of spatial pattern formation are in agreement with the 

aforementioned expected settlement moments during spring season (Kessler, 1963). 

Additionally, animal dislodgement by water currents may have influenced pattern 

formation. However, results indicate that it is unlikely since spatial patterns remained 

similar following their formation in recruitment seasons. Heterogeneous larval 

settlement due to the presence of aggregation remnants (i.e. protruding L. conchilega 

tubes) and/or similar structures protruding from the sediment surface is also unlikely. 

The small-scale spatial patterns observed between 2013 and 2014 were 

morphologically dissimilar despite concentrating at the same general location. Thus, 

we hypothesize that small-scale spatial pattern formation may follow a seasonal cycle 

as a consequence of interacting hydrodynamics and larval settlement. 

Finally, our results and aforementioned considerations point to a hypothetical yearly 

cycle explaining small-scale spatial pattern formation at the site wherein a 

nearly/completely barren intertidal zone is populated by the first L. conchilega 

settlement, resulting in one distribution type at the beginning of spring season. 

Following a temporary sessile moment, animals may detach into the water column 

(Kessler, 1963), dispersing the previous spatial pattern (e.g. Callaway, 2003). A 

second settlement approx. 1 month later should result in another small-scale spatial 

pattern which would decay during the following months. Taking this hypothetical 

causal structure into account, the first spring settlement likely occurred between 

March 2014 and April 2014 during the present study (e.g. Callaway, 2003; Ropert 

and Dauvin, 2000; Van Hoey et al., 2006b), resulting in the formation of a patchy 

distribution. Findings from chapter 3 corroborate this hypothesis, identifying 3 

recruitment moments during our campaigns: October 2013, April 2014, and 

September 2014. 
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The spring recruitment in April 2014 was characterised by high density of very small 

individuals (i.e. approx. 30 022 ind·m-2 with average inner tube diameter of 0.67mm) 

(see chapter 3 or Alves et al., 2017b). These sizes are similar to the expected size of 

aulophora larvae (i.e. approx. 0.40mm in body diameter – Kessler, 1963) instead of 

the metatrochophora-II bipartite larval stage (i.e. approx. 0.1mm in body diameter – 

Kessler, 1963) (see also Addendum I). The observed inner tube diameters (see 

chapter 3) suggest that these settling individuals are in the aulophora stage instead 

of the metatrochophora-II stage. As such, the patterns that followed those observed 

in April 2014 (i.e. extensive beds), were likely formed by subsequent aulophora 

recruits, since recruitment may last several months (e.g. Callaway, 2003; Van Hoey 

et al., 2006b). Consequently, we hypothesised that settlement occurred throughout 

April-June 2014, changing the fragmented distribution observed in April 2014 into 

extensive beds observed in June 2014. Unsurprisingly, decay of the L. conchilega 

bed observed in June 2014 occurred between that period and October 2014. The 

beds became interrupted between June and July likely due to physical removal 

and/or mortality resulting in the interrupted beds observed in July (i.e. type 3). Decay 

continued until October, at which time the distribution became again characterized by 

patches. It is likely that these patches continued to decay until the following 

recruitment moment which was not observed. 

4.11. Conclusions 

4.11.1. Mapping, detecting, and monitoring 

Kite aerial photography and digital photogrammetry proved suitable methods to map 

and monitor intertidal aggregations, enabling the extraction of accurate digital 

elevation models and orthomosaics. The presence of large global scale errors 

hindered analytical comparisons for change detection (e.g. image differencing), 

limiting analyses to visual interpretation. Maximum likelihood image classification 

successfully distinguished L. conchilega from its surroundings, but varying accuracy 

warrants further improvement. Similarly, edge detection was highly variable and 

displayed systematic biases which hindered scoring of L. conchilega aggregations. 

Further study of these biases in edge detection may improve differentiation between 

L. conchilega and its surroundings, as well as differentiation between aggregations of 

distinct ecological values. In addition, further characterisation of L. conchilega 

aggregations in-situ during acquisition may aid remote identification. We suggest an 
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analysis of the near infrared spectrum since the species modulates chl-a 

concentration at the sediment surface, increasing its surficial content to a significantly 

different level than that found in bare sediments. 

4.11.2. Temporal evolution of L. conchilega small-scale distribution 

patterns 

Despite technical challenges, valuable ecological information was successfully 

extracted from the aerial photographs. Our surveys revealed L. conchilega 

aggregations forming three distinct types of small-scale distribution patterns during 

recruitment seasons: patches, continuous beds, and interrupted beds. This suggests 

multiple mechanisms of pattern formation. No evidence was found of animal 

dislodgement and/or removal as patterns remained similar in the months following 

their formation during larval settlement periods. This indicates that these mechanisms 

do not play significant roles in generating spatial heterogeneity in the intertidal zone 

at Boulogne. Therefore, we hypothesize that small-scale spatial pattern formation in 

L. conchilega beds in intertidal zones is likely determined by larval settlement which 

may be influenced by hydrodynamic conditions, as well as post-settlement survival.  
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5.1. Abstract 

The tube-building polychaete Lanice conchilega forms aggregations that 

autogenically engineer marine sediments, hindering water flow at the benthic-

boundary layer and creating micro-habitats of distinct hydrodynamic conditions within 

its tube arrays. Mechanisms underlying formation and decay of L. conchilega 

aggregations are unclear, and may be influenced by related to consumer-resource 

interactions. The latter may influence spatial pattern formation by modulating 

population dynamics through mortality across a landscape. The aim of the present 

exercise was to investigate how consumer-resource interactions may affect L. 

conchilega population dynamics. Due to the complexity of the task, a population 

based simulation model was employed to investigate (1) how fluctuations in food 

availability can impact average juvenile and adult L. conchilega density during one 

yearly population cycle, and (2) how variations in food assimilation can influence 

average juvenile and adult densities. The model was parametrised using information 

available in literature as well as data collected from an intertidal L. conchilega 

population from Boulogne-sur-mer (France). A sensitivity analysis was performed on 

parameters related to feeding and maturation, and outputs were analysed visually for 

preliminary results. Juvenile density dynamics were unaffected by variations in food 

availability and assimilation, whereas adult density dynamics were highly dependent 

on these. Total density dynamics was largely dictated by recruitment and juvenile 

density dynamics, as such, it was generally unaffected by variations in food 

availability and assimilation. Our preliminary findings indicate that consumer-resource 

interactions (as studied by our model) likely play a marginal role on L. conchilega 

population dynamics. Differences in density decline rates following recruitment during 

the simulations suggest that aggregation decay may involve further mechanisms than 

those analysed presently.  
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5.2. Introduction 

Ecosystem engineers are organisms that modulate natural resources to other 

species by imposing changes on biotic and/or abiotic processes and/or properties of 

the environment (Jones et al., 1994). Although most living organisms can be 

considered ecosystem engineers, the term is largely used referring to organisms that 

substantially reduce environmental constraints to other species, enabling their 

survival (Crain and Bertness, 2006). Resource modulation by these organisms often 

culminates on the creation of distinct environments within the landscape with the 

engineering effect enabling the survival of species that would otherwise perish (Jones 

et al., 1994). Ecosystem engineers can be distinguished into two groups according to 

how they induce change (Jones et al., 1994). Autogenic engineers cause change 

through their own presence (Jones et al., 1994) (e.g. corals - Wild et al., 2011), 

whereas allogenic engineers cause change through their activities (Jones et al., 

1994) (e.g. mangrove crabs - Kristensen, 2008). Engineering effects may be 

modulated by population dynamics as it dictates organism size and population 

density (Eckman et al., 1981). In the marine environment, this means that population 

dynamics may modulate engineering effects by influencing interaction outcomes 

between engineering populations and hydrodynamic flow. For example, the area of 

obstruction for an autogenic construct changes as demographic structure of an 

autogenic engineer population develops through time because the average individual 

size of its members change (e.g. Alves et al., 2017b; Bouma et al., 2005). Thus, 

population dynamics of ecosystem engineers may indirectly impact species small-

scale distribution, creating patchy landscapes (i.e. landscape heterogeneity). 

Landscape heterogeneity is often associated to ecosystem function due to its effect 

on biodiversity (Rietkerk et al., 2004), in that it positively affects species richness 

(Romero et al., 2015), abundance and biomass (Buhl-Mortensen et al., 2010) by 

providing a myriad of micro-habitats and ecological niches (e.g. Wild et al., 2011, 

Wright et al., 2002). As such, changes in landscape heterogeneity may significantly 

influence ecosystem functioning through effects on species richness, abundance 

and/or biomass (e.g. Andersen and Shafroth, 2010; Buhl-Mortensen et al., 2010). 

Unsurprisingly, ecosystem engineers that create patchy landscapes and enhance 

biodiversity often influence ecosystem functioning (Rietkerk et al., 2004) – e.g. Koch 

et al., 2009; Volkenborn et al., 2007. Identifying the mechanisms through which 
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spatial patterns develop remains a major challenge in conservation research because 

spatial pattern formation is a context-specific process (Turner, 2005). 

Spatial pattern formation in the marine and coastal environments is influenced by a 

myriad of factors and processes (Levin, 1992). Environmental gradients and biotic 

interactions in the coastal zone may dictate distribution limits by imposing 

physiological stress outside of the tolerance ranges of certain species (Kaiser et al., 

2005) – e.g. the effect of air exposure gradients on the distribution of macro algae 

and filter-feeding invertebrates with low resistance to desiccation (Christofoletti et al., 

2011), or the effect of competition for space between the barnacles Chthamalus 

stellatus and Balanus balanoides (Connell, 1961). Ecosystem engineering can create 

and/or exacerbate environmental gradients (Crain and Bertness, 2006), which in turn, 

may influence engineering effects across space (Hastings et al., 2007) in addition to 

potentially modulating further physiological stress. This is highly conspicuous for 

autogenic engineers forming concretions that increase landscape heterogeneity – 

e.g. scleractinian corals (Wild et al., 2011), mussels (Borthagaray and Carranza, 

2007), saltmarsh grasses (Bouma et al., 2008) and polychaetes (Polgar et al., 2015). 

Known mechanisms driving small-scale spatial pattern formation may include but are 

not restricted to consumer-resource interactions, disturbance-recovery processes, 

and scale-dependent feedbacks (sensu Rietkerk and van de Koppel, 2008). The first 

encompasses distributions that are a result of fluctuations in resource availability 

(sensu Rietkerk and van de Koppel, 2008) – e.g. the small-scale distribution of a few 

marsh plants associated to light availability (van de Koppel et al., 2006). The second 

mechanism incorporates disturbance-recovery processes wherein 

disturbance/recovery regimes create fragmented distributions (sensu Guichard et al., 

2003) – e.g. oyster fishing affecting polychaete distribution (Dubois et al., 2002), or 

wave action affecting the distribution of the California mussel Mytilus californianus 

(Guichard et al., 2003). The last mechanism revolves around feedback relationships 

that may stem from combinations of various processes and/or interactions (sensu 

Rietkerk and van de Koppel, 2008) – e.g. saltmarsh tussock formation (Balke et al., 

2012; Bouma et al., 2009a), or the formation of mussel patches (van de Koppel et al., 

2008) (see section 1.3 for further details). 

Case-studies such as the aforementioned examples comprise a crucial part of the 

body of work, revealing various scenarios that enable the development of theories in 

this research field – e.g. Bouma et al. (2009a), van de Koppel et al. (2008), Weerman 
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et al. (2010). The present exercise adds to this body of research with the case study 

of an intertidal ecosystem engineer Lanice conchilega (Pallas, 1766). Lanice 

conchilega is a sessile terebellid worm (Hartmann-Schröder, 1996) commonly 

occurring in European shores (Godet et al., 2008). It forms biogenic tube 

aggregations between the intertidal zone down to depths of approximately 1 900m 

(Hartmann-Schröder, 1996). These autogenically modulate water flow at the benthic-

boundary layer by physically obstructing its passage (Borsje et al., 2014), influencing 

sedimentation/erosion processes (Borsje et al., 2014), sediment composition (Rabaut 

et al., 2009), and particle entrapment (Passarelli et al., 2012). Aggregations also 

extend micro-habitat availability to benthic communities (Godet et al., 2008), 

contributing to landscape spatial heterogeneity (Zühlke, 2001). Lanice conchilega 

also allogenically engineers the environment by piston-pumping to flush its tube, 

which modulates sediment biogeochemistry (Braeckman et al., 2014). The changes 

imposed by L. conchilega substantially affect associated benthic communities (De 

Smet et al., 2015), often resulting in higher macrobenthic species richness and 

abundance as well as higher epi- and hyperbenthic abundances than its 

surroundings (De Smet et al., 2015). 

Lanice conchilega is both a filter- (Buhr, 1976) and a deposit-feeder (Ropert and 

Goulletquer, 2000), consuming mainly microorganisms from the water column and 

sediment surface – namely bacteria and microalgae, but also fragments of 

macroalgae (e.g. Braeckman et al., 2012; Lefebvre et al., 2009). Its diet is influenced 

by seasonal fluctuations in primary production (e.g. Braeckman et al., 2012; Lefebvre 

et al., 2009) which are associated to higher mortality rates (e.g. Buhr and Winter, 

1976; Callaway et al., 2010; Ropert and Dauvin, 2000; Strasser and Pieloth, 2001; 

Van Hoey et al., 2006b). Several factors can affect the feeding activity of this tube-

worm and a wide range of individual clearance rates has been observed for L. 

conchilega - from 0.016L·h-1 to 0.171L·h-1 (Buhr, 1976; Denis et al., 2007). These 

may vary according to animal size (Buhr, 1976), current velocity (Denis et al., 2007), 

and particle size (Ropert and Goulletquer, 2000). Additionally, Lanice conchilega can 

create gradients in the concentration of primary producers in the water column by 

filtration-induced depletion (Denis et al., 2007), creating areas of differentiated 

mortality within the population. Furthermore, deposit-feeding may be hindered in high 

density aggregations as sand tubes restrict access to the sediment surface (Buhr, 

1976), potentially forcing animals to switch to filtration and stimulating intraspecific 
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competition. Finally, food assimilation may substantially decrease in the presence of 

potential predators (De Smet et al., 2016a). As such, we hypothesised that 

consumer-resource interactions could lead to spatial patterning of L. conchilega 

aggregations by modulating mortality and creating intraspecific competition. The 

present study focuses on consumer-resource interactions because the 

aforementioned research on L. conchilega feeding ecology suggests that these 

interactions may affect population dynamics unevenly through space, creating spatial 

patterns. Additionally, the sampled data in the present effort enabled the investigation 

of these dynamics. 

The myriad factors influencing L. conchilega feeding hampers a solid 

experimental/empirical study of its effect on population dynamics and spatial pattern 

formation within L. conchilega aggregations. As such, a modelling approach was 

employed focusing on examining the effects of varying food availability and food 

assimilation on population density dynamics of an intertidal L. conchilega population. 

However, due to time constrains, the study is still underway and only a preliminary 

evaluation of the exercise is performed here. This first half of the modelling 

framework employed a population based model (PBM) to investigate whether (1) 

fluctuations in food availability would significantly impact average juvenile and adult 

L. conchilega density throughout one yearly population cycle, and (2) whether 

variations in assimilation would indirectly impact average juvenile and adult densities 

by modulating maturation. 

5.3. Methods 

5.3.1. Case-study intertidal population 

The present exercise assesses a population based model simulation of an intertidal 

L. conchilega population from a sandy beach in Boulogne-sur-Mer (Nord Pas-de-

Calais, France: 50.7345 N; 1.5881 E) (hereafter referred to as Boulogne) (Fig 5.1). 

Population based modelling was chosen because it enabled us to simulate the 

dynamics of distinct population cohorts based on processes related to feeding, 

maturation, and mortality, while being suitable for transposition to a spatially-explicit 

environment. The latter enables studying the role of population dynamics and 

processes on spatial distribution (e.g. Dunning et al., 1995). The location was 

selected due to the presence of a thriving L. conchilega population and ease-of-

access during low water spring tide (LWST) for sampling. The sandy beach is 
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predominantly composed by fine and medium sand (Rabaut et al., 2008), subjected 

to a semi-diurnal tidal regime ranging from 4m to 9m (Jouanneau et al., 2013), a 

mean sea level of 5.03m (0.17m SD) and exposure time of approx. 4h during LWST 

(estimated from tidal gauge data) (Service Hydrographique et Océanographique de la 

Marine - SHOM, 2015). Data for parametrisation was obtained from a monthly survey 

of three intertidal L. conchilega aggregations (1-3 in Fig 5.1) from June 2013 until 

November 2014 (see Alves et al., 2017b for further information). 

 

 

Fig 5.1. Map of the sandy beach in Boulogne-sur-mer depicting the three monitored L. 

conchilega aggregations (1-3) near the low water spring tide limit (grey dashed line, LWST). To 

the south of the site is the entrance to the port of Boulogne. To the east lies the main land and 

the high water spring tide mark (dashed line, HWST). Both low and high water spring tides were 

approximated using satellite imagery. 

 

Localization during surveys was performed using an RTK-GNSS system and hand-

held GPS receivers (see chapter 4 for further information). Lanice conchilega density 

was estimated for each aggregation through quadrat counts (0.5m x 0.5m) of fringed 

tubes according to Van Hoey et al. (2006a). Samples were extracted from each 
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aggregation using a large inox core (12cm Φ, 38cm in height) to assess population 

demographic structure per month. Juvenile and adult cohorts were assessed using 

Bhattacharya’s method (Bhattacharya, 1967) (see Alves et al., 2017b for further 

information). In addition, sediment samples were taken from each aggregation using 

acrylic cores (3.6cm Φ, 0-1cm depth) to assess surficial chlorophyll-a content (µg·g-1 

sediment) as a proxy for microphytobenthos (MPB) biomass (Jeffrey et al., 1997). 

Surficial sediment samples were extracted using acetone (90%), sonicated, filtered at 

0.2µm, and analysed on a high resolution, high performance liquid chromatographer 

(i.e. HPLC Gilson system with a C18 column) (Wright and Jeffrey, 1997) (see Alves 

et al., 2017b for further information). 

5.3.2. Modeled ecological dynamics 

The population based model system consisted on a set of five ordinary differential 

equations (ODEs) (Eq 5.1-5.5) simulating three ecological processes: feeding-

dependent maturation, feeding-dependent mortality, and density-dependent mortality. 

The model simulates simplified population processes involving 5 ecosystem 

compartments: generic nutrients (𝑁), pelagic algae (𝐴), surficial microphytobenthos 

(𝑃), juvenile (𝐽) and adult L. conchilega (𝐿) (Eq 5.1-5.5). Simulations were developed 

and executed using the Scilab computing environment v5.5.1. (Scilab Enterprises, 

2012), employing a deterministic approach with discrete time intervals (sensu Gurney 

and Nisbet, 1998). One of the main characteristics of the model was stiffness, that is, 

most integration methods resulted in numerically unstable solutions unless a very 

small time step was adopted. Stiffness likely emerged due to a large difference in the 

scale of dynamics between L. conchilega compartments and the other model 

compartments. Therefore, the simulation time step was very small with ODE 

integration at one-minute steps and simultaneous updates of all variables. The 

backward differentiation formula (i.e. BDF method) (sensu Süli and Mayers, 2003) 

was used for ODE integration through the dedicated solver for stiff equations in 

Scilab (Scilab Enterprises, 2015). All parameters were scaled to a spatial unit of 1m2 

(if related to sediment surface dynamics) or 1L (if related to pelagic dynamics), and 

adjusted to a time step of 1 minute. 
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The first two equations in the model system describe pelagic processes, which 

include the temporal dynamics of generic nutrients (µg Chl-a·L-1·min-1) (Eq 5.1) and 

pelagic algae (µg Chl-a·L-1·min-1) (Eq 5.2). Generic nutrient concentration increases 

through remineralisation (Eq 5.1: first term) according to a dynamic parameter (Eq 

5.1: 𝑟𝑛) (µg chl-a·L-1·min-1) (Fig 5.2A). This parameter represents the total amount of 

chl-a added to the water column at each time step independently of the concentration 

on the previous time step. As such, it displays two seasonal peaks, in spring and 

summer (i.e. days 60-151 and 152-243 respectively) which coincide with chl-a 

blooms observed by Breton et al. (2000) for the coastal waters of Boulogne-sur-Mer. 

The generic nutrient pool is depleted by pelagic algae (Eq 5.1: second term) for 

cellular multiplication determined by a static growth rate (Eq 5.1 and 5.2: 𝑔𝑎) 

(proportion·min-1). In turn, cellular multiplication is constrained by nutrient availability 

through a growth limitation parameter (Eq 5.1 and 5.2: 𝑟𝑎) (µg Chl-a·L-1). The latter 

determines a threshold nutrient concentration from which point pelagic algal growth 

becomes impaired due to low food availability. Generic nutrients may also be 

depleted through advection loss/gain (Eq 5.1: third term) determined by a fixed rate 

(Eq 5.1: 𝑎𝑑𝑣) (proportion·min-1). As previously mentioned, pelagic algae growth is 

𝑑𝑁
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Eq 5.2. 

Eq 5.3. 

Eq 5.4. 

Eq 5.5. 

Eq 5.6. 
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based on generic nutrient consumption (Eq 5.2: first term). In addition the algal pool 

may grow through microphytobenthos resuspension (Eq 5.2: second term). 

Resuspension is modulated by a static rate (Eq 5.2 and 5.3: 𝑟𝑝) (proportion·min-1) for 

a water column height of 2.16m (Eq 5.2: ℎ) – i.e. the maximum water column height 

at Boulogne during high water spring tide (HWST) estimated from the localization 

data. Pelagic algae is diminished through filter-feeding from both adult (Eq 5.2: 𝐿) 

and juvenile (Eq 5.2: 𝐽) L. conchilega (Eq 5.2: third term). Filter-feeding is modulated 

by a static filtration rate (Eq 5.2: 𝑓) (L·ind-1·min-1) and water column height (Eq 5.2: ℎ) 

(i.e. 2.16 meters). Lastly, similarly to the generic nutrient compartment, pelagic algae 

may lose/gain biomass due to current-induced advection (Eq 5.1 and 5.2: last term), 

modulated by a static rate (Eq 5.2: 𝑎𝑑𝑣) (proportion·min-1). 

The last three equations simulate dynamics at the benthic boundary layer, that is 

microphytobenthos biomass (µg Chl-a·m-2·min-1) (Eq 5.3), juvenile density (Eq 5.4) 

(ind·m-2·min-2), and adult density (Eq 5.5) (ind·m-2·min-2). Temporal dynamics of MPB 

biomass was simulated for a generic biofilm layer previously assessed from the soft-

sediments in the study site through chl-a concentration (see Alves et al., 2017b). 

Fluctuations in this compartment are described by the third differential equation (Eq 

5.3), which includes a growth term (Eq 5.3: first term) ruled by a dynamic growth rate 

(𝑔𝑝) (proportion·min-1) (Fig 5.2B). The latter varies seasonally, peaking during 

summer (i.e. day 152-242, that is June 1st – August 30th), and is modulated by the 

sediment surface capacity for MPB biomass (𝑆𝑚𝑎𝑥) (µg Chl-a·m-2) estimated from 

sediment samples. Microphytobenthos is depleted by the resuspension term (Eq 5.3: 

second term), and grazing from both L. conchilega compartments (Eq 5.3: third term) 

at a static rate (𝑧) (m2·ind-1·min-1). 
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Fig 5.2. All dynamic rates were simulated following Gaussian curves. The remineralisation 

parameter (A) presented two yearly peaks, in spring (i.e. day 60-151) and summer (i.e. day 152-

243). The dynamic MPB growth rate (B) peaks during summer (i.e. day 152-242). The dynamic 

juvenile L. conchilega growth rate (i.e. recruitment input) peaks twice per year, spring (i.e. 91-

120) and autumn (i.e. 274-304). 

 

The fourth equation simulates density fluctuations for juvenile L. conchilega (Eq 5.4) 

– i.e. dynamics for cohorts within the first 3 months counting from the settlement 

moment. Simulated juvenile cohorts may increase in numbers through external 

recruitment (Eq 5.4: first term) based on a dynamic recruitment rate (𝑔𝑗) (ind·m-2·min-

1). Lanice conchilega recruitment was delineated by two Gaussian curves based on 

cohort analysis of the aggregations at Boulogne (see Alves et al., 2017b for more 

information). The first simulated recruitment was in spring from day 91 to 120 (i.e. 

April 1st – 30th) and the second was in autumn, from day 274 to 304 (i.e. October 1st – 

31st) (Fig 2C). Recruitment is density-limited by a logistic curve with distinct carrying 

capacities for juveniles (𝑘𝑗) (ind·m-2) and adults (𝑘𝑙) (ind·m-2) (Eq 5.4: first term). 

Furthermore, the juvenile cohort is diminished through maturation of individuals into 



 

133 
 

the adult compartment (Eq 5.4: second term), and through mortality modulated by 

food-availability (Eq 5.4: third term). Juvenile maturation is determined by a static rate 

(𝑔𝑙) (proportion·min-1), food availability represented by an assimilation function (Eq 

5.4 and 5.6: 𝑎𝑠𝑚) (µg Chl-a·ind-1·min-1), and a threshold value for food limitation (Eq 

5.4: 𝑅𝑐) (µg Chl-a·ind-1·min-1). The assimilation function scales chl-a dynamics 

between the microorganisms and macrofauna in the system. It is based on an 

efficiency rate (Eq 5.6: 𝑒) (dimensionless) to estimate the total amount of chl-a 

consumed by individual L. conchilega from filtrated (Eq 5.6: 𝑓𝐴) and grazed food (Eq 

5.6: 𝑧𝑃). Juvenile mortality (Eq 5.4: third term) is determined by a static mortality rate 

(Eq 5.4: 𝑚𝑗) (proportion·min-1) and food-availability in a similar manner to maturation 

(i.e. through assimilation and threshold-based food limitation). The fifth equation 

describes the dynamics for adult L. conchilega – i.e. dynamics for cohorts within the 

last 3 months of existence during the in-situ survey. Adult L. conchilega density 

grows via food-dependent maturation (Eq 5.5: first term; Eq 5.4: second term). Adult 

L. conchilega is diminished through density-dependent mortality (Eq 5.5: second 

term) modulated by a static rate (Eq 5.5: 𝑚𝑙) (proportion·min-1), and a parameter that 

is half of the adult carrying capacity (Eq 5.5: 𝑘𝑚) (ind·m-2). The reader is refered to 

Fig 5.3 for a graphical summary of the model causal structure illustrating all the 

aforementioned interactions among variables. 
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Fig 5.3. Graphical summary of the model causal structure illustrating all relationships among the 

5 modelled variables: generic nutrients (light blue box), pelagic algae (green box), surficial 

microphytobenthos (pale blue box), juvenile L. conchilega (pink box), adult L. conchilega (red 

box). Processes are represented in circles, whereas sinks are represented by grounding 

symbols. Note that advection may act as either a sink or a source of matter within the model. 

 

5.3.3. Parametrisation 

Data sampled between 1995 and 1997 from coastal waters off of Boulogne-sur-Mer 

was adapted from Breton et al. (2000) and Hernández-Fariñas et al. (2014) to 

estimate parameters for both generic nutrient and pelagic algae compartments (Table 

5.1). It should be noted that the variable named generic nutrients was added to 

modulate pelagic algae behaviour and should not be interpreted as an ecologically 

relevant variable, comprising instead a mathematical tool. Future work should focus 

on replacing this variable by ecologically relevant factors influencing pelagic algal 

growth – e.g. available nitrogen/phosphorus (Hernández-Fariñas et al., 2014). 

Simulated generic nutrient remineralisation is a dynamic parameter (Fig 5.2A), 

following a seasonal cycle according to Breton et al. (2000) and Hernández-Fariñas 
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et al. (2014). Remineralisation (𝑟𝑛) peaks between days 60 and 151 (i.e. March 1st – 

May 31st), and again between days 152 and 243 (i.e. June 1st – August 31st) (Breton 

et al., 2000). Peak values were adapted from observations by Breton et al. (2000) of 

maximum (14.55µg chl-a·L-1·min-1) and average (3.72µg chl-a·L-1·min-1) chl-a 

concentration for near-bottom waters off the Boulogne coast respectively (Table 5.1). 

A fixed rate of 0.8872µg chl-a·L-1·min-1 (minimum observed by Breton et al., 2000) 

was used for the rest of the simulated year. The average increase rate for chl-a 

concentration during spring and summer blooms observed by Breton et al. (2000) 

was employed as the algal growth rate parameter (𝑔𝑎) (Table 5.1). The limitation rate 

to algal growth (𝑟𝑎) was calculated as ratio between average chl-a concentration 

(Breton et al., 2000) and average phytoplankton abundance (Hernández-Fariñas et 

al., 2014) (Table 5.1).  The advection rate (𝑎𝑑𝑣) (proportion·min-1) was set to zero for 

the reference scenario because a stagnant water column is known to result in 

concentration gradients across space due to filtration pressure (Denis et al., 2007). 

Parameters for the MPB compartment were estimated based on in-situ 

measurements of surficial chl-a concentration (Alves et al., 2017b). 

Microphytobenthos growth rate (𝑔𝑝) consisted of a dynamic rate, peaking during 

summer (i.e. days 152-242, that is June 1st - August 30th) with a maximum of 6.51·10-

5·min-1, while a rate of 4.18·10-6·min-1 was fixed for the rest of the simulated year (Fig 

5.2B). These peaks were calculated as the maximum and minimum inter-month 

change rate respectively from the in-situ monitoring data (Table 5.1). Sediment 

surface capacity for MPB biomass (𝑆𝑚𝑎𝑥) was fixed at the maximum chl-a 

concentration observed at the sediment surface during in-situ monitoring (Table 5.1). 

The resuspension rate (𝑟𝑝) was adapted from Denis et al. (2007), and constitutes the 

average rate of change in pelagic chl-a concentration within a flume chamber 

containing bare, clean and sieved sediment from Boulogne (Table 5.1). Water 

column height (ℎ) was defined as the height between the sediment surface and the 

water surface during high water spring tide (HWST) in Boulogne. It constitutes a 

difference between study site height relative to Earth (assessed using localisation 

data collected during the in-situ survey) and tidal gauge data of sea level height at 

HWST (Service Hydrographique et Océanographique de la Marine - SHOM, 2015) 

(Table 5.1). 

The adult and juvenile compartments shared 4 parameters (hereafter referred to as 

“L. conchilega global parameters”): assimilation efficiency (𝑒) (dimensionless), 
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filtration rate (𝑓) (L·ind-1·min-1), grazing rate (𝑧) (m2·ind-1·min-1), and threshold for food 

limitation (𝑅𝑐). The assimilation efficiency coefficient (𝑒) was adapted from the 

average assimilation observed by Ropert and Goulletquer (2000) for L. conchilega 

(Table 5.1). A fixed filtration rate (𝑓) was employed during this exercise. It was 

calculated for water currents between 0.0 and 0.5m·s-1 (Table 5.1) which are 

predominant in Boulogne (Jouanneau et al., 2013) using the relationship derived by 

Denis et al. (2007) (Eq 5.7), where “𝑣” stands for flow velocity:  

𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒 𝑟𝑎𝑡𝑒 =  −0.0007𝑣2 + 0.0221𝑣 + 0.0125 

No estimations for L. conchilega grazing rate (𝑧) were found in available scientific 

literature during model development, thus, the grazing rate was set equal to the 

filtration rate, assuming equal importance between the two feeding modes (Table 

5.1). The threshold for food limitation of L. conchilega growth (𝑅𝑐) was calculated as 

a ratio between the average surficial chl-a concentration sampled during winter in 

Boulogne (i.e. November-February) and the average tube density estimated in-situ 

during the same period (Alves et al., 2017b) (Table 5.1). This period was selected 

because previous studies suggest that at this time, populations may be limited by 

food scarcity (e.g. Alves et al., 2017b; Buhr, 1976). Juvenile L. conchilega growth 

rate (𝑔𝑗) was adjusted to produce a spring recruitment of approx. 30 000 individuals 

(Table 5.1) and an autumn recruitment of approx. 5 000 individuals as observed by 

Alves et al. (2017b) in Boulogne-sur-mer. The simulated spring recruitment occurred 

between days 91 and 120 (i.e. April 1st – 30th), whereas the autumn recruitment 

lasted from day 274 to 304 (i.e. October 1st – 31st) (Alves et al., 2017b). The in-situ 

survey data enabled the estimation of the rate of change for juvenile density over 

time, but it did not allowed us to assess how this rate is partitioned between 

maturation (𝑔𝑙) and natural mortality (𝑚𝑗). As such, the two aforementioned rates 

were assumed to contribute equally to the overall rate of change in juvenile density, 

and each was calculated as one half of it (Table 5.1) (see Alves et al., 2017b for 

further information on the cohort analysis results). Lastly, the adult mortality rate (𝑚𝑙) 

was an average of the rate of decrease in adult density (Table 5.1) (see Alves et al., 

2017b for further information on the cohort analysis results). Lastly, all variables and 

parameters were scaled to minutes, and are summarised in table 5.1 alongside their 

respective calculation methods. 

 

Eq 5.7. 
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5.3.4. Model assumptions 

The first assumption was that adult L. conchilega mortality is density dependant, 

wherein higher densities result in less mortality. Previous research indicates that a 

density gradient develops from the centre to the edges of aggregations between 

approx. 3 500 and 16 000 ind·m-2 (Alves et al., 2017a), but the nature of the 

relationship between density and mortality is unknown and could only be 

hypothesized. We hypothesized that density negatively affects mortality through its 

positive relationship with flow amelioration, reducing hydrodynamic stress to 

individuals inside aggregations (see Borsje et al., 2014; Friedrichs et al., 2000). 

Nevertheless, empirical testing of this part of the causal structure could not be 

performed due to time constrains. The second assumption was that L. conchilega 

employs both feeding modes all the time and at equal rates because tidal dynamics 

could not be included in the model which would limit feeding through time, and 

information on their individual importance and drivers of mode switching was 

unknown during model development. In third place, we assume that grazing is not 

affected by tube density in contrast to previous research (Buhr, 1976) because 

estimates of the effect of density on grazing were not available during model 

development. The fourth assumption is that filtration rates are static, that is, it is the 

same for adults and juveniles (sensu Buhr, 1976), and it does not vary with either 

particle size (sensu Ropert and Goulletquer, 2000) or current speed (Denis et al., 

2007) as suggested by previous research. These mechanics were not included 

because Boulogne-specific information on those factors was not sampled during in-

situ surveys and was not available in literature during model development. The fifth 

assumption is that settlement is homogeneous within a 1m2 space, contrasting with 

previous observations for the population at Boulogne (Alves et al., 2017a). This 

assumption is a limitation imposed by the spatial resolution of the model of 1m2. In 

sixth place, we assume a static resuspension rate although previous research 

indicates that it should vary with tube density (e.g. Carey, 1983; Eckman et al., 1981; 

Friedrichs et al., 2000; Luckenbach, 1986), biofilm conditions (e.g. Lubarsky et al., 

2010; Passarelli et al., 2012), and current speed (Denis et al., 2007). This was so 

because detailed information was unavailable on the relationship between 

resuspension and the first two factors to model the dynamics at the time of model 

development. Additionally, since the model does not predict current speeds and time 

constrains did not allow the coupling of this model to algorithms predicting current 
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speed, this factor also remains unaccounted for. Lastly, L. conchilega mortality varies 

with food availability and tube density, excluding further causes for animal removal 

such as predation (e.g. De Smet et al., 2013; Petersen and Exo, 1999), wave force 

(e.g. Heuers et al., 1998; Ropert and Dauvin, 2000), and/or natural disasters (e.g. 

Alves et al., 2017b; Strasser and Pieloth, 2001). These factors were implicitly 

accounted for by assessing removal from in-situ data, but further discrimation was 

not possible due to restricted time for experiments. 

5.3.5. Sensitivity analyses 

A numerical approach was taken wherein the model was executed under various 

initial conditions, assuming a stagnant water column (i.e. 𝑎𝑑𝑣 = 0). Stagnant 

conditions were selected because previous research indicated that these conditions 

are more likely to originate food concentration gradients through local column 

depletion (Denis et al., 2007), enabling comparison. Several parameters were 

stressed, namely advection (𝑎𝑑𝑣), algae growth rate (𝑔𝑎), filtration rate (𝑓), grazing 

rate (𝑧), and assimilation efficiency (𝑒). The stress tests were executed on the 

complete model and repeated on a version of the model without food-dependant 

maturation (i.e. replacing equations 5.4 and 5.5 by 5.8 and 5.9, hereafter referred to 

as the reduced model). The model could not be stressed with active flow conditions 

due to time constraints. However, a preliminary stress test of the advection 

parameter was executed. Outputs for the executed analyses are presented and 

compared as preliminary results in the next section.  

𝑑𝐽

𝑑𝑡
= +𝑔𝑗(1 −

𝐽

𝑘𝑗

−
𝐿

𝑘𝑙

)  − 𝑔𝑙𝐽 − 𝑚𝑗𝐽 

𝑑𝐿

𝑑𝑡
= +𝑔𝑙𝐽 − 𝑚𝑙

𝑘𝑚

(𝑘𝑚+𝐿)
𝐿 

Eq 5.8. 

Eq 5.9. 
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5.4. Preliminary results and discussion 

5.4.1. Findings from the sensitivity analyses 

Analyses revealed that the model remains in one state under realistic parametrisation 

and stagnant water conditions (i.e. 𝑎𝑑𝑣 = 0) regardless of the initial chl-a 

concentration (e.g. Fig 5.4A and B). This state (hereafter referred to as “the reference 

scenario”) was characterised by a chl-a depletion in both the water column and 

surficial sediment. Juvenile density (e.g. Fig 5.4C) was unaffected by fluctuations in 

the initial conditions, while adult L. conchilega density was always severely 

underestimated (i.e. simulations predicted densities below 1 adult ind·m-2, whereas 

our in-situ observations show approx. 500 adult ind·m-2) (e.g. Fig 5.4D). Total L. 

conchilega density dynamics was mainly dictated by juvenile density dynamics (e.g. 

Fig 5.4C-E). Severe underestimation of adult density likely occurred due to an 

assimilation cap (e.g. Fig 5.5A), forming as a function of food availability. 

Unsurprisingly, excluding food dependency from the maturation term results in its 

linear increase dictated by the adult growth rate (Fig 5.5B). In this scenario adult 

densities increase to approx. adult carrying capacity (i.e. 6 665 ind·m2). However 

simulated total density dynamics was similar between models running with and 

without assimilation-dependent maturation (Fig 5.6). Furthermore, both 

aforementioned simulated total density curves were similar to in-situ density counts. 

However, the rate of density decline between May and July was underestimated in 

simulations, which could have contributed to the difference in average density 

between simulations and in-situ data from May onwards (Fig 5.6). This indicates that 

food availability and assimilation may not significantly impact the shape of the yearly 

population cycle and/or the model likely underestimates or misses a mechanism for 

animal removal. 
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Fig 5.4. Reference scenario of the PBM simulation with advection turned off and predation 

turned on. In this scenario, chl-a is depleted from both the water column (A) and sediment 

surface (B), adult density is severely underestimated (D), and total density dynamics (E) is 

mostly dictated by juvenile density fluctuations (C). Densities assessed in-situ during monitoring 

are juxtaposed for reference in gray (E). 
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Fig 5.5. Food assimilation significantly impacted adult density dynamics, scaling down and 

limiting maturation in the complete model (A). Its absence results in a linearly increasing 

maturation term (B), and higher adult density in the reduced model (C). 
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Fig 5.6. Comparison amongst the temporal evolution of the average in-situ tube density (black) 

and simulated total density including assimilation-dependent maturation (red) and excluding 

assimilation-dependent maturation (orange). Simulation data underestimate the animal removal 

rate between May and July, indicating that additional mechanisms likely affect population 

dynamics that were not accounted for. 

 

Stress tests executed on the pelagic algae growth rate (𝑔𝑎) using the complete model 

(i.e. Eq 5.1-5.6) revealed three conditional responses of the algae compartment. The 

first occurred with 𝑔𝑎 = 0 and was characterised by a slight initial increase in chl-a 

concentration – likely due to MPB resuspension – and depletion upon the first L. 

conchilega recruitment (Fig 5.7A). The second occurred for several values of 𝑔𝑎 

between 0 and .0047 and was characterized by a single chl-a concentration peak 

immediately before the first L. conchilega recruitment (e.g. Fig 5.7B). It constituted a 

bug in the model wherein pelagic algae consumed non-existent nutrients, driving 

generic nutrient concentration to negative values (e.g. cyan details in Fig 5.7B). The 

cause of the bug has not yet been identified and further exploration of the system is 

required to clarify its source. Nevertheless, a third response scenario was identified 

for all other values of 𝑔𝑎. It was characterized by a gradual increase in pelagic chl-a 

concentration followed by depletion at the beginning of the spring L. conchilega 

recruitment (e.g. Fig 5.7C). Furthermore, fluctuations in the pelagic algae growth rate 

using the complete model visibly affected maximum adult L. conchilega density (e.g. 

red details on Fig 5.7), but it did not visibly affect the juvenile compartment nor total 

density fluctuations (responses not shown). 
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Stressing the same parameters in the reduced model (i.e. excl. assimilation-

dependent maturation) revealed similar results to the tests performed with the 

complete model. Three response scenarios were found for the pelagic algae 

compartment when stressing its growth rate (𝑔𝑎). Similarly to the complete model 

stress tests results, the first response occurred for 𝑔𝑎 = 0 in which case chl-a 

concentration rose initially due to resuspension followed by depletion upon L. 

conchilega recruitment (Fig 5.8A). The second response constituted a similar bug to 

the previously found in the complete model, also occurring for several values of 𝑔𝑎 

between 0 and .0047 (e.g. Fig 5.8B). It was characterized by a single peak of pelagic 

chl-a, which drove the nutrient compartment to negative concentrations (e.g. Fig 

5.8B) with unknown cause. Values of 𝑔𝑎 which did not result in a bug presented the 

third response instead. The third response was characterized by increasing chl-a 

concentration peaking at approx. 150 000 µg chl-a·L-1 just prior to the first L. 

conchilega recruitment, at which time chl-a was depleted from the water column by 

recruiting juveniles (e.g. Fig 5.8C). Furthermore, fluctuations in the pelagic chl-a 

growth rate using the reduced model did not impact L. conchilega density dynamics 

(e.g. adults shown in red details of Fig 5.8, juveniles not shown). 

Fluctuations on the filtration rate (𝑓: L·ind-1·min-1) noticeably impacted average adult 

L. conchilega density and average pelagic algae concentration. Higher rates resulted 

in lower adult density as well as chl-a concentration in the water column (Fig 5.9). 

The reduction was sharper for 𝑓 > .50 L·ind-1·min-1 (Fig 5.9) and was likely due to a 

combination of depleted MPB and quicker water column depletion leading to higher 

juvenile mortality and lower maturation. Results from the stress test executed on the 

reduced model revealed a similar trend with both average chl-a concentration and 

adult density declining with increasing filtration rates (Fig 5.10). However, the effect 

on average chl-a concentration in the water column and average adult L. conchilega 

density differed from the aforementioned scenario, being less intense on chl-a 

concentration and more intense on adult density for 𝑓  > .50 L·ind-1·min-1 (Fig 5.10). 
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Fig 5.7. Behaviours displayed by the algae compartment during stress test of its growth rate 

(𝑔𝑎). The first response (A) occurs when 𝑔𝑎 = 0, with an initial rise in chl-a concentration due to 

resuspension, followed by depletion upon the spring L. conchilega recruitment. The second 

response (B) constitutes a bug that may occur when 0 < 𝑔𝑎 < .0047 (i.e. 700% growth per day), 

at which case the pelagic algae compartment, fuelled by non-existent nutrients (cyan detail) 

increases past the observed minimum concentration of 2*1011 µg chl-a·L-1 before being depleted 

by recruiting L. conchilega juveniles. This bug occurs for the majority of values between 0 

and.001 with few exceptions in which the algae compartment behaves similarly to the third and 

last response scenario. The third response (C) occurs when 𝑔𝑎 ≥ .001, wherein the pelagic 

algae compartment gradually grows starting on day 10 to peak at approx. 150 000µg chl-a·L-1 

just prior to recruitment and algal depletion by L. conchilega juveniles at day 90-100. 
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Fig 5.8. Behaviours displayed by the algae compartment during stress test of its growth rate 

(𝑔𝑎) using the reduced model. The first response (A) occurs when 𝑔𝑎 = 0, resulting in slight 

initial increase of chl-a concentration due to resuspension and subsequent depletion upon the 

first L. conchilega recruitment. Similarly to the stress test results using the complete model, the 

second response (B) comprises a bug that occurs for values of 𝑔𝑎 between 0 and .0047 (i.e. 

approx. 700% growth per day). In this case pelagic algae increases to past the minimum 

observed concetration of approx. 2*1011 µg chl-a·L-1 fuelled by non-existent nutrients (cyan 

detail) until depletion by spring L. conchilega recruits. The cause for the bug is unknown and 

displays several exceptions for which the algae compartment displays the third response 

scenario. The third response (C) occurs for all other values of 𝑔𝑎 and results in an gradual 

increase in the pelagic algae compartment until its peak at approx. 150 000µg chl-a·L-1 just prior 

to the spring L. conchilega recruitment, at which time pelagic algal depletion occurs. 
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Fig 5.9. Effect of fluctuations in the filtration rate in the complete model on average adult density 

(ind/m²) and average pelagic algae concentration (µg Chl-a/L). Increasing filtration rates result in 

nonlinear decreases in both average adult L. conchilega density and average pelagic algae 

concentration. Note that the x axis is inverted to match filtration rates order. 

 

 

Fig 5.10. Effect of fluctuations in the filtration rate in the reduced model on average adult 

density (ind/m²) and average pelagic algae concentration (µg Chl-a/L). Increasing filtration rate 

results in a decline of both average adult L. conchilega density and chl-a concentration in the 

water column in a nonlinear fashion. The effect intensifies with higher filtration rates. Note that 

the x axis is inverted to match filtration rates order. 
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The microphytobenthos compartment was depleted during stress tests of the grazing 

rate (𝑧) (m2·ind-1·min-1) (data not shown) with all tested values including 𝑧 = 0, 

indicating that MPB depletion is caused by its other sink, the resuspension term. 

Thus, we stressed the resuspension rate (𝑟𝑝) (proportion·min-1) to find a depletion 

threshold 𝑟𝑝 value prior to further stress of the grazing rate. Fluctuation in the 

resuspension rate (𝑟𝑝) noticeably affected MPB concentration alone, resulting in four 

response scenarios: 0 ≤ 𝑟𝑝 < .0000042, 𝑟𝑝 = .0000042, .0000042 < 𝑟𝑝 ≤ .000130, and 

𝑟𝑝 > .000130. Microphytobenthos concentration was depleted during spring 

recruitment in all response scenarios (Fig 5.11) and responses differed on MPB 

concentration trends prior to that period. The first response was characterised by 

increasing MPB concentration until the spring L. conchilega recruitment, at which 

point, MPB is depleted by recruiting juveniles (e.g. Fig 5.11A). MPB concentration 

remains stable with 𝑟𝑝 = .0000042 (Fig 5.11B), and declines past this value until the 

spring recruitment at which time recruiting juveniles deplete the MPB compartment 

(e.g. Fig 5.11C). The fourth and last response was characterised by MPB depletion 

prior to the spring recruitment due to resuspension (e.g. Fig 5.11D). Stress test of the 

resuspension rate using the reduced model resulted in the same response scenarios 

(results not shown). Further stress tests of the grazing rate (𝑧) were executed using 

𝑟𝑝 = .000042. 

Stressing the grazing rate resulted in three response scenarios in which fluctuations 

of the rate noticeably affected average MPB concentration and adult L. conchilega 

average density. The first response scenario occurred with 𝑧 = 0, and was 

characterized by MPB remaining in its initial concentration (i.e. .20 µg chl-a·m-2) until 

day 175, at which time MPB concentration starts to rise sharply due to the seasonal 

increase in its growth rate, reaching 2.33 µg chl-a·m-2 on day 230 and stabilising at 

that concentration (Fig 5.12A). The second response occurred for 𝑧 = 10-9 and was 

characterized by an initially stable MPB concentration of .20 µg chl-a·m-2 until the 

spring L. conchilega recruitment (Fig 5.12B). During recruitment surficial MPB 

concentration declines reaching .011 µg chl-a·m-2 at day 183 due to grazing pressure 

from recruited juveniles (Fig 5.12B), and subsequently rises due to a seasonal 

increase in its growth rate, reaching a peak of .03 µg chl-a·m-2 at day 214 (Fig 

5.12B). This peak is followed by a decline once MPB growth rate returns to its base 
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value (i.e. .00000418·min-1) to near depletion at day 365 (Fig 5.12B). The third 

scenario occurred for 𝑧 > 10-9 and was characterized by a stable MPB concentration 

of .20 µg chl-a·m-2 until the spring L. conchilega recruitment, at which time, MPB 

starts to decline until depletion due to grazing pressure from recruiting individuals 

(e.g. Fig 5.12C). Furthermore, changes in the grazing rate affected adult L. 

conchilega density dynamics (red details in Fig 5.12) as well as MPB concentration 

with both average density and average concentration declining as grazing rate 

increases (Fig 5.13). Lastly, the same response scenarios were observed during the 

stress test using the reduced model, albeit fluctuations in the grazing rate only 

marginally affected adult L. conchilega density (Fig 5.14). 

 

 

Fig 5.11. Fluctuations on the resuspension rate noticeably affected MPB concentration only. 

Four response scenarios were observed during the stress test of the resuspension rate. The 

first response occurred for 0 ≤  𝑟𝑝 < .0000042, wherein MPB concentration increased gradually 

until the spring L. conchilega recruitment, at which time MPB was depleted due to grazing 

pressure (A). The second response scenario transpires for 𝑟𝑝 = .0000042, in which case, MPB 

concentration remains unchanged until L. conchilega recruits increase grazing pressure, leading 

to MPB depletion (B). Resuspensions rates between .0000042 and .0000130 result in declining 

MPB concentration without causing depletion prior to L. conchilega recruitment (C), whereas 

resuspension rates higher than .0000130 cause MPB depletion prior to L. conchilega 

recruitment (D). 
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Fig 5.12. Response scenarios observed during the stress tests of the grazing rate (𝑧). In the 

absence of grazing pressure, MPB remains in its initial concentration and rises during its 

seasonal growth peak (A). When grazing pressure is employed, MPB concentration declines 

from the spring recruitment onwards, being slightly replenished by its seasonal growth peak for 

𝑧 = 10-9 (B), but being deplete for higher values of 𝑧 (e.g. C). 
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Fig 5.13. Varying the grazing rate (𝑧) noticeably affected MPB concentration (µg Chl-a/m²) and 

adult L. conchilega density (ind/m²). Higher grazing rates resulted in decreases in average MPB 

concentration and average adult density. Furthermore, the effect weakens with increasing 

grazing rate. Note that the x axis is inverted to match grazing rate stress. 

 

 

Fig 5.14. Fluctuating the grazing rate (𝑧) in the reduced model noticeably affected MPB 

concentration (µg Chl-a/m²) but only had a marginal effect on adult L. conchilega density 

(ind/m²). Note that the x axis is inverted to match grazing rate stress. 
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Fluctuations in current advection impacted generic nutrient and pelagic algae 

concentration in the water column (Fig 5.15A). Unsurprisingly, both average 

concentrations declined exponentially with higher advection loss while 

microphytobenthos mean concentration remained unaffected (Fig 5.15A). Juvenile 

and adult average densities on the benthic-boundary layer were also impacted by 

fluctuations in advection flow (Fig 5.15B). Juvenile density declined linearly with 

increasing advection loss, whereas adult density declined exponentially with higher 

advection loss (Fig 5.15B). The effect on L. conchilega density is likely due to pelagic 

algae removal diminishing food availability. Stress test responses using the complete 

model can be divided according to their effect on algae dynamics: 0 ≤ 𝑎𝑑𝑣 ≤ 

.0000093; and 𝑎𝑑𝑣 > .0000093. While 0 ≤ 𝑎𝑑𝑣 ≤ .0000093, pelagic algae 

concentration increases until the L. conchilega spring recruitment, at which time it 

declines due to filtration pressure from recruiting individuals. For 𝑎𝑑𝑣 > .0000093, chl-

a concentration declines exponentially at higher rates with higher advection loss. 

Stress tests performed with the reduced model revealed similar results to the tests 

executed on the complete model. The same response scenarios were found, and 

increases in advection loss caused reductions in generic nutrients and pelagic algae 

average concentrations while MPB concentration was unaffected (Fig 5.15C). 

Variation in advection also affected juvenile and adult mean density in the reduced 

model, causing linear declines in both (Fig 5.15D). The difference in the shape of 

decline for adult average density is likely resultant from the lack of scaling in the 

reduced model which was provided by the assimilation function in the complete 

model. The observed decline in density ranged between 16 and 40 individuals for 

juvenile L. conchilega, which dictate total density dynamics for this system. These 

results indicate that strong currents may only marginally affect L. conchilega 

population dynamics through modulation of its food supply. 
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Fig 5.15. Increasing advection loss rates during stress tests noticeably impacted nutrient (cyan) 

and pelagic algae (green) average concentration in the water column for the complete model 

(A), while MPB (A, blue) remained unchanged. It indirectly influenced L. conchilega density, 

causing a linear decline in juvenile average density (pink) in the complete model (B) and an 

exponential decline in average adult density (B, red). Results for the complete model were 

similar regarding generic nutrient (cyan), pelagic algae (green), and MPB concentration (blue) 

(C), as well as juvenile average density (D, pink). However, adult average density (red) linearly 

declined with higher advection loss (D). 

 

5.4.2. Model shortcomings 

Modelling ecosystems requires simplifying several processes to evaluate potential 

causal structures for given scenarios (Shipley, 2000). In the present exercise we 

explored how different levels of food availability and assimilation can influence L. 

conchilega population dynamics as potential mechanisms for spatial pattern 

formation. Preliminary findings were presented and discussed regarding their 

implications for L. conchilega population dynamics, but the question remains about 

the impact of assumptions and simplifications on results. Several assumptions were 

made regarding L. conchilega ecology (see section 5.3.4) highlighting gaps in 

knowledge requiring further study. The first assumption is that adult mortality is 

density-dependant. A reformulation of that mechanic to replace it by a fixed mortality 

rate would influence model outputs by biasing the shape of the curves representing 

density dynamics torwards a more linear response through time. Our second 

assumption was that L. conchilega employs both feeding modes constantly and at 
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equal rates. Recent research assessing carbon flows in L. conchilega aggregations 

suggest that the two feeding modes may differ in importance. Lanice conchilega 

aggregations seem to mainly depend on external inputs of phytoplankton through 

filtration, displaying restricted input from microphytobenthos (De Smet et al., 2016b). 

This information was not available during model development and could not be 

incorporated due to time constrains. Nevertheless, model outputs would likely be 

unaffected by different contributions from filtration and grazing because implementing 

these adjustments would result in lower feeding pressure – i.e. the current 

assumption ensures the maximum amount of feeding pressure on both food sources 

and adjustment would involve imposing restrictions. 

The third assumption is that grazing is unaffected by tube density, that is, high 

densities do not act as a barrier to the feeding tentacles to reach sediment as 

hypothesised by Buhr (1976). This assumption refers to triggers of mode switching, 

which are currently largely unexplored in literature. Buhr (1976) only hypothesised on 

this mechanic, and to the best of our knowledge there is no data available or study 

assessing whether this occurs in L. conchilega aggregations or how the relationship 

between tube density and grazing rate/efficiency may be like. As such, we cannot 

attempt to predict the effect of incorporating this dynamic into the model on its 

outputs. The fourth assumption revolves around the filtration rate in that it is static 

and equal between adults and juveniles. Previous research has shown that filtration 

may vary due to animal size (Buhr, 1976), particle size (Ropert and Goulletquer, 

2000), and/or current speed (Denis et al., 2007). In summary, filtration is likely to 

increase with animal size (Buhr, 1976), and present a bell shape relationship to 

particle size (Ropert and Goulletquer, 2000) and flow speed (Denis et al., 2007), 

reflecting the presence of filtration optimum ranges for the latter two. The complexity 

of integrating all of these relationships hinders us from inferring potential effects on 

model outcomes. The fifth assumption is that settlement is homogeneous within a 

1m2 space, a consequence of the spatial resolution of the model. This assumption is 

expected to restrict future work by limiting the spatial scale at which the model could 

produce patterns once transposed to a spatial grid. However, the modelling exercise 

has yet to achieve this phase of development. 

The sixth assumption is that the resuspension rate is static, which contrasts with 

previous research in that it is expected to vary with tube density (e.g. Carey, 1983; 

Eckman et al., 1981; Friedrichs et al., 2000; Luckenbach, 1986) and biofilm 
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conditions (e.g. Lubarsky et al., 2010; Passarelli et al., 2012). Adjusting the model to 

account for these dynamics would likely alter the amount of available food from each 

food source in the model (i.e. pelagic algae in the water column and MPB at 

sediment surface). However, we are unable to assess the shape and direction that 

this modification would create in the outputs and/or model behaviour at the present 

moment due to the presence of complex interactions between the two sources and L. 

conchilega. Our final assumption is that L. conchilega mortality depends on feeding 

dynamics and tube density only, excluding additional causes for mortality such as 

predation (e.g. De Smet et al., 2013; Petersen and Exo, 1999), physical removal by 

strong currents (e.g. Heuers et al., 1998; Ropert and Dauvin, 2000), and/or the 

impact from natural disasters (e.g. Alves et al., 2017; Strasser and Pieloth, 2001). 

These may impact model outcomes by reducing feeding pressure on food sources at 

their specific time scales, making it less likely that mortality due to food limitation may 

occur since fewer individuals would be competing for resources, but increasing 

stochasticity in model responses. 

Our model assumptions highlighted several gaps in knowledge that we attempted to 

address previously. Nevertheless, further gaps exist that future research of would 

improve model outputs. Research is necessary to clarify the importance of grazing 

and filter-feeding for population maintenance, the triggers for mode switching, and 

conditions enhancing and/or limiting feeding per mode. Gaps regarding the grazing 

behaviour of Lanice conchilega were especially conspicuous during the exercise 

since no estimation was available of its rate or affecting factors at the time of model 

development. However, this has been recently addressed by De Smet et al. (2016b) 

and future work should incorporate this new information. Another assumption is that 

filter- and deposit-feeding have equal importance. However, recent research 

suggests that deposit-feeding may play a larger role in population maintenance than 

filter-feeding (De Smet et al., 2016b). This is another facet of L. conchilega feeding 

ecology that needs to be considered in future work. It is worth noting that a 

deterministic approach was employed to identify main trends in population dynamics. 

However, most natural processes and interactions require some level of stochastic 

behaviour, especially small populations (Gurney and Nisbet, 1998). As such, future 

work should involve incorporating randomness to the model and evaluate its effect on 

model outputs, especially on the role of recruitment in population maintenance. 
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5.5. Preliminary conclusions 

The present modelling exercise explored the role of food availability, density-

dependent mortality, and recruitment on L. conchilega population dynamics as 

potential mechanisms for spatial pattern formation through ecological modelling. 

Results suggest that consumer-resource interactions involved in Lanice conchilega 

feeding likely only marginally affect its population dynamics (over its seasonal cycle). 

However, the mechanisms explored by this exercise revealed several gaps in 

knowledge regarding L. conchilega feeding and recruitment, which require further 

investigation. To identify whether the hypothesised interactions could lead to spatial 

heterogeneity within a L. conchilega aggregation, the developed model should be 

evaluated on a spatially-explicit environment. Additionally, further work is necessary 

to identify equilibrium criteria for the model. 
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The present PhD work explored the dynamics of a sessile ecosystem engineer with 

high conservation value, the reef-building polychaete Lanice conchilega (Pallas, 

1766) from several innovative perspectives. Previous research has focused on 

quantifying its autogenic and allogenic ecosystem engineering, and investigating its 

population dynamics over regional spatial scales. Knowledge gaps on the temporal 

and spatial dynamics of this tube-building polychaete and how these dynamics 

influence its ecosystem engineering effects through time and space were addressed 

in the present work, with the main objective of elucidating the role of population 

dynamics on engineering effects and the formation and decay of L. conchilega 

aggregations (cf. reef-building). Section 6.1 addresses the relationship between 

population dynamics and autogenic ecosystem engineering explored in chapters 2 

and 3. Section 6.2 addresses the small-scale distribution of L. conchilega explored in 

chapter 4 and hypothesises potential mechanisms of spatial pattern formation within 

that framework. The aforementioned sections also include discussions on alternative 

mechanisms for spatial pattern formation, such as consumer-resource interactions 

which were further explored by the work in chapter 5. Section 6.3 integrates the 

previous sections to discuss the ramifications of our findings for current conservation 

efforts and present how our insights can support ecosystem-based approaches to 

environmental management. Lastly, section 6.4 summarises main conclusions of 

this thesis and presents prospects for future research.  
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6.1. Habitat modification through autogenic engineering 

The autogenic engineering effects of Lanice conchilega stem from its tube 

aggregations as these modulate hydrodynamic flow passing through tube arrays 

(sensu Friedrichs et al., 2000). Similarly to other polychaete aggregations (e.g. 

Eckman et al., 1981; Friedrichs et al., 2000; Luckenbach, 1986), their engineering 

effect varies with tube density (i.e. Fig 1.4 in chapter 1) (Borsje et al., 2014). 

Polychaete tubes act as barriers to water flow, attenuating its velocity, creating 

distinct flow conditions within aggregations, and changing sedimentation regimes 

locally (Friedrichs et al., 2000). Model simulations suggest that the vertical expansion 

of L. conchilega aggregations may be a consequence of a positive feedback between 

increased sedimentation from autogenic engineering and tube accretion rates 

triggered by it (Borsje et al., 2014) (i.e. Fig 6.1 and 1.5 in chapter 1) (see also chapter 

1). Our experimental work (see chapter 2) provides evidence for the predictions 

made by Borsje et al. (2014). Chapter 2 investigated the relationship between L. 

conchilega aggregation properties and small-scale coastal sedimentary properties at 

the intertidal zone of a sandy beach in Boulogne-sur-Mer (France). Results revealed 

that (1) net deposition is significantly higher in L. conchilega aggregations when 

compared to bare sand; (2) sediment mixing depth is noticeably shallower inside 

aggregations than out; (3) net deposition and sediment mixing depth were not 

affected by tube density for aggregations above 3 200 ind·m-2; (4) temporal 

fluctuations in tube density are noticeably different between the center and edges of 

aggregations; and (6) sediment deposition from 3cm in column height cause 

significant increases in tube-building rate, while (7) deposition from 5 to 12cm in 

column height result in significantly higher L. conchilega mortality. 

The presence of L. conchilega in densities above 3 200 ind·m-2 significantly affected 

both net sedimentation and sediment mixing depth locally (e.g. Fig 6.1, middle solid 

arrow leading into sedimentation), in agreement with the findings from previous 

research (see chapter 1). However, sedimentation/erosion did not differ among 

aggregations ranging from 3 200 and 16 318 ind·m-2 during those experiments, 

suggesting that a nonlinear relationship between density and engineering effect is 

likely. Additional findings corroborated the existence of a feedback mechanism 

wherein tube accretion increased under sediment deposition of at least 3cm in height 

under controlled conditions (e.g. Fig 6.1A, left-hand solid arrow leading into 

protruding height). However, increased mortality was also observed for abrupt 
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deposition between 5cm and 12cm in height (e.g. Fig 6.1, right-hand solid arrow 

outside of blue box), hinting at a limitation to vertical expansion speed through 

mortality. Due to the magnitude of deposition (i.e. >3cm in height), alternative 

sources of sediment deposition other than autogenic engineering are likely triggers to 

vertical expansion with higher mortality – e.g. storms (see chapter 2), dredge 

disposal (e.g. De Backer et al., 2014; Katsiaras et al., 2015), and/or beach 

nourishment (e.g. Colosio et al., 2007; Speybroeck et al., 2006). Nevertheless, our 

findings hinted at potential mechanisms of aggregation maintenance involving tube 

accretion triggered by increased deposition from autogenic engineering (e.g. 

Friedrichs et al., 2000; Passarelli et al., 2012; Rabaut et al., 2009), since treatments 

with 3cm deposition resulted in significantly higher tube accretion rates than no 

deposition, while having no significant effect on mortality (see chapter 2). It is worth 

noting that our study only assessed abrupt deposition, and the effect of gradual 

sedimentation remains unclear. It can be hypothesised that gradual sedimentation as 

is observed from autogenic engineering (Friedrichs et al., 2000) may enhance vertical 

expansion without increasing mortality as predicted by Borsje et al. (2013). 
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Fig 6.1. Flow chart showing the effects of autogenic engineering and the causal structure 

hypothesised by Borsje et al. (2014) (dashed arrows) for aggregation vertical expansion and 

findings of current thesis (solid arrows). Triangles pointing upwards with an addition sign 

represent positive effects, whereas those pointing downwards, encasing a minus sign, represent 

negative effects. Past certain thresholds, density and protrusion height may negatively affect 

water current velocity through autogenic engineering, resulting in increased sedimentation (solid 

arrow: association shown experimentally without assessing current velocity). The latter has a 

positive impact on protruding height by triggering tube accretion (A). In turn, the latter affects 

aggregation ability to attenuate flow in a feedback loop. Insignificant engineering effects (B) may 

be present if density and protrusion height do not surpass the aforementioned engineering 

thresholds. Additionally, our findings show that abrupt sedimentation equal or above 5cm in 

column height may trigger significantly higher mortality, negatively affecting tube density (right-

hand solid arrow outside of blue box). 
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Chapter 3 further explored the aforementioned findings and feedbacks by analysing 

the seasonal dynamics of population density, demographic structure, and ecosystem 

engineering effects at a larger temporal scale (i.e. across seasons). Lanice 

conchilega population dynamics was investigated through in-situ monitoring of three 

intertidal aggregations in a period of 1.5 years (i.e. from June 2013 until November 

2014) at the sandy beach in Boulogne-sur-mer (Nord-Pas-de-Calais, France) (see 

chapter 1 for study site details). Furthermore, simultaneous monitoring of additional 

variables representing local environmental properties for each aggregation enabled 

the study of the temporal evolution of L. conchilega autogenic engineering effects on 

surficial sediments (i.e. 0-1cm layer) and their association to population dynamics. 

Two distinct recruitment periods per year were identified: one in spring and another in 

autumn. These periods were marked by steep increases in L. conchilega density (see 

chapter 3) (e.g. Fig 6.4, solid arrow from settlement to tube density). The spring 

recruitment (during April) was characterised by extremely abundant settlement of 

very small juveniles (i.e. approx. 30 000 ind·m-2 with average inner tube diameter of 

.67mm). Comparatively, the autumn recruitment (during September-October) was 

less dense and contained larger juveniles (i.e. approx. 4 000 ind·m-2 with average 

inner tube diameter of approx. 1.65mm) (see chapter 3). Furthermore, autogenic 

engineering effects fluctuated in tandem with seasonal population cycles, intensifying 

during recruitment in comparison to other moments of the year. This is likely due to 

the steep increases in tube density as recruits establish themselves augmenting the 

area of flow obstruction per aggregation (sensu Eckman et al., 1981). These findings 

in combination with aforementioned results from chapter 2, suggest that processes 

pertaining to aggregation maintenance (and perhaps formation and decay) vary 

seasonally, as aggregation density fluctuates and modulates autogenic engineering 

as well as vertical expansion. 

6.2. Population dynamics and distribution 

6.2.1. Interactions with hydrodynamic flow 

Population dynamics has the potential to affect the spatial distribution of polychaete 

aggregations. This is the case with the honeycomb worm Sabellaria alveolata (Gruet, 

1986). Sabellaria alveolata reefs go through several stages of development, growing 

in size during settlement, but slowly and constantly decaying in the periods in 
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between as adults die off (Gruet, 1986). Population dynamics may also dictate 

aggregation formation for Lanice conchilega. The mechanisms presented in section 

6.1 and density-dependent autogenic engineering effects (Borsje et al., 2014) have a 

high potential for the latter. That is, fluctuations of density across the landscape can 

result in gradients of ecosystem engineering effects, influencing aggregation 

maintenance (see section 6.1). Nevertheless, as a sessile spawner, L. conchilega 

distribution is also likely influenced by larval processes akin to other sessile marine 

organisms (Bhaud, 2000). For example, adult distribution of corals is associated to 

settlement success (Baird et al., 2003). Larval settlement can be influenced by a 

myriad of factors. Local hydrodynamic conditions may sway settlement by facilitating 

or hindering attachment (Bhaud, 2000). Hydrodynamics, wind conditions, and tidal 

oscilations influence larval transport, creating spatial gradients of larvae availability 

and uneven settlement as been observed for the tube builder Owenia fusiformis 

(Thiébaut et al., 1994). Conversely, active substrate selection by larvae may also 

bias settlement across space, commonly occurring with many polychaete species 

(e.g. red tube worm Serpula vermicularis, Chapman et al., 2007; trumpet worm Lagis 

koreni, Olivier et al., 1996; honeycomb worm Sabellaria alveolata, Pawlik, 1988). 

Settlement cues from conspecifics may also influence settlement – e.g. blue tube 

worm Spirobranchus cariniferus (Gosselin and Sewell, 2013). Lastly, substrate 

selection may also enhance settlement at specific locations – e.g. L. koreni (Olivier et 

al., 1996). 

Lanice conchilega larvae settle preferentially on sandy and muddy marine sediments 

(Willems et al., 2008). Previous studies on intertidal populations also show that L. 

conchilega larvae have a tendency to settle in locations with previous presence of 

adult tubes and/or similarly protruding structures (e.g. Callaway, 2003; Rabaut et al., 

2009). This is similar to observations made for other tube-building polychaetes – e.g. 

Sabellaria alveolata (Pawlik, 1988), Lagis koreni (Olivier et al., 1996), Owenia 

fusiformis (Thiébaut et al., 1994). The presence of these structures may influence 

larval settlement and early juvenile distribution (sensu Levin, 1992) through several 

mechanisms. Tube arrays attenuate water currents, facilitates settlement by 

enhancing larval retention (Rabaut et al., 2009). They may also provide additional 

substrate for attachment (e.g. Callaway, 2003; Heuers et al., 1998; Rabaut et al., 

2009) and/or settlement cues (Callaway, 2003) (Fig 6.2, green box). These may 

constitude a myriad of factors, such as substrate availability (Dodd et al., 2009), 

chemical cues from microbial communities specific to the environments created by 
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conspecifics (Qian, 1999), chemical substances exuded by living conspecifics 

(Callaway, 2003), among others. An example of chemical cues influencing larval 

settlement of marine tube-building polychaetes includes the settlement of S. alveolata 

wherein conspecifics coat the sediment in specific fatty acids that trigger settlement 

(Qian, 1999).  

Pre-recruitment presence of L. conchilega tubes and/or similarly protruding structures 

may not be necessary for its population establishment, as settlement has been 

observed in intertidal locations lacking those features (e.g. Dittmann, 1999; Strasser 

and Pieloth, 2001). As such, additional factors may influence larvae settlement 

location in addition to previous conspecific presence which may require further 

research. Sediment granulometry has been shown to comprise one of these factors 

for L. conchilega (Willems et al., 2008) as previously mentioned. Previous research 

also suggests a role of local hydrodynamic forcing in settlement (Rabaut et al., 2009) 

and post-settlement permanence/survival (Levin, 1992). The latter has been shown 

to dictate the stages of reef development for the honeycomb worm S. alveolata 

(Gruet, 1986), and hypothesised for L. conchilega (Heuers et al., 1998).  

Additional potential factors may also include food availability impacting post-

settlement survival (Dittmann, 1999). The temporal evolution of L. conchilega small-

scale distribution observed during our remote survey (see chapter 4) corroborates 

previous observations that L. conchilega may settle in “bare” sand. In addition, L. 

conchilega post-recruitment presence was dissociated from pre-recruitment presence 

and/or previously noticeable protruding structures in the intertidal zone (see chapter 

4), indicating that the studied population did not require these features for settlement 

and/or establishment. 
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Fig 6.2. Modified flow chart showing the effects of autogenic engineering on water flow, 

sedimentation, feedback effects for aggregation protruding height (blue box); our findings on the 

effects of abrupt sedimentation in mortality (right-hand solid pathway outside of coloured boxes); 

and how settlement, aggregation tube density, and hydrodynamics interact (green box). Solid 

arrows represent findings from this thesis, whereas dashed arrows represent relationships 

indicated in literature. Triangles pointing upwards with an addition sign represent positive 

effects, whereas those pointing downwards, encasing a minus sign, represent negative effects. 

Blue box (adapted from fig 6.1): Past certain thresholds, density and protrusion height may 

negatively affect water current velocity, resulting in increased sedimentation (solid arrow: 

association shown experimentally without assessing current velocity). The latter has a positive 

impact on protruding height by triggering tube accretion (A). Insignificant engineering effects (B) 

may be present if density and protrusion height do not surpass the aforementioned engineering 

thresholds. Green box: flow attenuation within aggregations may have a positive effect on larval 

settlement through facilitation. Higher settlement has a positive effect on tube density which 

may positively affect settlement in return through settlement cues (C) in addition to its 

engineering effect on flow velocity. 
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Previous research on the distribution of intertidal Lanice conchilega has also revealed 

a tendency for accumulation in large topographical depressions (approx. ~100 

000m2), such as channels (e.g. Ropert and Dauvin, 2000). This may be related to 

hydrodynamic conditions as large depressions and elevated areas may constitute 

areas of high current velocities during ebb and flood tides (Heuers et al., 1998), 

creating environments of high water exchange and intermittent mixing. Topographical 

depressions may also retain water during ebb tide (see orthomosaics in chapter 4), 

increasing the period in which L. conchilega can filter-feed. Lanice conchilega has 

also been found to accumulate in areas of high productivity in both the intertidal (e.g. 

Dittmann, 1999) and subtidal zones (e.g. Van Hoey et al., 2008), indicating that 

feeding facilitation due to water accumulation into puddles may have positive effects 

on survival. However, L. conchilega may also deplete the water column under 

stagnant conditions (Denis et al., 2007). As such, the effect of water puddles on 

population dynamics is unknown and requires further study. Nevertheless, 

hydrodynamic flow also impacts intertidal L. conchilega filter-feeding by affecting its 

clearance rates (Denis et al., 2007) – i.e. the relationship between flow velocity and 

clearance rate is dome-shaped (see Fig 4 in Denis et al., 2007). Thus, the 

aforementioned research comprises indications that hydrodynamic conditions can 

modulate L. conchilega distribution through influence over its filter-feeding behaviour 

(within a scale of hundreds of meters). 

Hydrodynamic flow may also exert influence over distribution through physical 

forcing. Physical forcing from water currents can remove and/or dislodge individuals 

(within a scale of hundreds of meters) (Fig 6.3, yellow box), creating density spatial 

gradients. Change in distribution due to physical forcing by water currents is a 

common phenomenon (Bradbury and Snelgrove, 2011). This is the case for a few 

polychaete species – e.g. the trumpet worm L. koreni (Thiébaut et al., 1998) and O. 

fusiformis (Thiébaut et al., 1994) – and it has been observed by Ropert and Dauvin 

(2000) for an intertidal L. conchilega population in the Bay of Veys (France). Density 

gradients across the landscape could result in mounds of varying physical attributes 

through the mechanisms described in section 6.1, generating patchwork landscapes 

with ecosystem engineering effects of varying intensity and driving heterogeneity 

across the landscape. As such, Lanice conchilega distribution may be further 

influenced by events of catastrophic sedimentation driving mortality, which should 

impact aggregation maintenance (see section 6.1). Deposition events may include 
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bedload transport from natural disasters such as storms (e.g. Dobbs and Vozarik, 

1983) (see chapter 2) and tsumanis (e.g. Lomovasky et al., 2011), beach 

nourishment (e.g. Colosio et al., 2007; Speybroeck et al., 2006), as well as deposition 

from human activities such as dredge disposal (e.g. De Backer et al., 2014; Katsiaras 

et al., 2015). Spatial differences in density may also create gradients in feeding and 

clearance rates as these depend on local density (Buhr, 1976) – in addition to flow 

speed, food concentration and particle size (Denis et al., 2007). Variation of food 

availability in areas adjacent to densely populated areas may create gradients in 

mortality (e.g. as shown for mussels by van de Koppel et al., 2005), directly affecting 

distribution.  
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Fig 6.3. Modified flow chart showing the effects of autogenic engineering on water flow (blue 

box); how settlement, aggregation tube density, and hydrodynamics interact according to 

previous studies (green box); and the effects of hydrodynamic flow on tube density according to 

previous studies (yellow box). Blue box (adapted from fig 6.2): Past certain thresholds, density 

and protrusion height may negatively affect water current velocity, resulting in increased 

sedimentation (solid arrow: association shown experimentally without assessing current 

velocity). The latter has a positive impact on protruding height by triggering tube accretion (A). 

Insignificant engineering effects (B) may be present if density and protrusion height do not 

surpass the aforementioned engineering thresholds. Green box (adapted from fig 6.2): flow 

attenuation within aggregations may have a positive effect on larval settlement through 

facilitation. Higher settlement has a positive effect on tube density which may positively affect 

settlement in return through settlement cues (C) in addition to its engineering effect on flow 

velocity. Yellow box: Strong water currents may have a negative effect on tube density by 

removing and/or dislodging L. conchilega from aggregations (D).  
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6.2.2. Observed patterns and how they may have formed 

Lanice conchilega occurrence was restricted to a large depression on the intertidal 

zone and independent of the presence of protruding structures during our surveys 

(see chapter 4). This suggests the existence of a relationship between topography 

and presence at least in intertidal areas. A modelling approach has shown that this 

may be due to interactions among hydrodynamic flow, topography, and L. conchilega 

aggregations following establishment (Heuers et al., 1998). Under that framework, 

our results indicate that high water exchange (occurring at a scale of hundreds of 

meters during ebb and flood tides) may be of high importance for juvenile 

establishment (at scales <10m) (see Fig 6.3 for a summary). Additionally, 

submersion/emersion periods may influence intertidal L. conchilega by not only 

determining feeding periods and exposure to air (i.e. desiccation stress) (Ager, 2008), 

but also by limiting the impacts of hydrodynamic flow to a window of time that varies 

along coastal exposure gradients (Kaiser et al., 2005). Since the hypothesised effect 

of hydrodynamic regimes occurs at a scale of approx. 100m - 1 000m, it seems likely 

that other processes may be involved in determining small-scale (i.e. < 10m) 

distribution (i.e. the formation of patchy patterns). 

Another possibility is that hydrodynamic flow may have yet unexplored effects at 

smaller scales (Levin, 1992). For example, a modelling study by Guichard et al. 

(2003) illustrates how oceanographic regimes can influence distribution of sessile 

organisms (i.e. intertidal mussel beds) on a small scale through local hydrodynamic 

disturbance. The study shows a system in which mussel colonisation of available 

substrate might be hindered by wave-action stress and facilitated by the presence of 

conspecifics due to physical protection and reduction of mortality (Guichard et al., 

2003). Another alternative may be that accumulated water in the intertidal affects 

filter-feeding, modulating survival/mortality across space (see section 6.2.1). Lastly, 

hydrodynamic flow may influence larval settlement by hindering or facilitating larval 

substrate selection and/or attachment (e.g. Callaway, 2003; Heuers et al., 1998, 

Rabaut et al., 2009) (see section 6.2.1). 

Small-scale spatial patterns consistently formed soon after recruitment during our 

remote sensing survey (see chapter 4), indicating that conditions during these 

periods indeed dictate small-scale L. conchilega distribution. Three types of 

patterning were observed following the different recruitment moments encompassed 
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by our study: patches (Fig 6.4A), beds (Fig 6.4B), and interrupted beds (Fig 6.4C) 

(see table 1.1 in chapter 1 for definitions). All patterns were irregular in space (see 

chapter 4), suggesting that it is unlikely that their formation resulted from self-

organized processes as these often create regular patterns (Rietkerk and van de 

Koppel, 2008). Nevertheless, the different distribution types hinted at distinct 

processes of formation. Lanice conchilega patches were identified from observations 

during 2013 (Fig 6.4A), and we initially expected them to form in a similar fashion to 

marsh tussocks (see Balke et al., 2012). We hypothesised that conditions within 

aggregations positively affected survival by providing protection from hydrodynamic 

stress and predation. Whereas conditions at the edge would negatively affect survival 

due to heightened exposure to hydrodynamic stress, erosion created by flow 

divergence (sensu Balke et al., 2012), and predation. However, our findings contrast 

with that hypothetical mechanism. 

During an in-situ experiment we witnessed stronger population recovery trends in the 

edges of L. conchilega aggregations in comparison to their central regions following 

disturbance by a storm (see chapter 2). Additionally, visual inspection of digital 

elevation models from the remote sensing survey (see chapter 4) showed no 

evidence of increased hydrodynamic stress around aggregation edges – i.e. there 

were no erosion-related troughs. This suggests that conditions at the edge differ from 

our original predictions, making it unlikely that spatial pattern formation in L. 

conchilega aggregations is driven by the aforementioned hypothetical causal 

structure. It may be possible that tubes at the edge of aggregations facilitate larval 

retention by providing additional surface for attachment (Callaway, 2003), which may 

not be as readily accessible in an aggregation centre due to crowding. Nevertheless, 

further study is required to identify mechanisms acting within an aggregation that 

contribute to spatial pattern formation. 

 

Fig 6.4. Three morphologically distinct small-scale distribution types were observed during our 

study and presented in chapter 4: patches (A), beds (B), and interrupted beds (C). 
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Results from chapter 2 and 3 hinted at a strong role of sediment dynamics and 

hydrodynamic conditions in modulating aggregation development (see section 6.1), 

enabling the formulation of alternative hypothetical mechanisms for further 

investigation. Recovery trends observed following a storm event in Boulogne during 

in-situ experiments hinted at a trend for the development of spatial density gradients 

within L. conchilega aggregations (see chapter 2). Recovery in the centre of 

aggregations was on average lower than on edges, although non-significantly 

diferent since recovery at the edges was highly variable (see chapter 2). 

Nevertheless, if differences in density develop between portions of an aggregation, it 

can be expected that population dynamics and mound development may also differ, 

resulting in distinct engineering effects (see chapter 3). As such, different levels of 

sediment deposition through autogenic engineering may be expected between those 

portions (see section 6.1) due to an effect dependence on tube density (Borsje et al., 

2014). However, our study did not assess differences in fine-sediment deposition 

between centre and edges, thus we are unable to confirm or refute associations 

among population dynamics, hydrodynamic stress, and sedimentation on a spatially-

explicit framework. 

Gradients in mortality can create distinct tube densities between portions of an 

aggregation. As such, heightened sedimentation of fine particles above L. conchilega 

aggregations (as seen for intertidal aggregations by Passarelli et al., 2012; Rabaut et 

al., 2009) may happen distinctly across space, leading to varying rates of higher tube 

accretion (see section 6.1). This may result in uneven vertical expansion across the 

settled landscape and distinct autogenic attenuation of currents across space (Fig 

6.5). Additionally, uneven intertidal relief may generate heterogeneous hydrodynamic 

conditions across the landscape (sensu Borsje et al., 2014) which would affect 

subsequent settlement during recruitment (Heuers et al., 1998). In turn, this may 

culminate on the rise of early spatial patterns following recruitment (sensu Levin, 

1992) which may change as the population develops due to external forcing, such as 

hydrodynamic driven post-settlement mortality (Levin, 1992) and/or catastrophic 

deposition driven mortality (e.g. chapter 2). Nevertheless, it is emphasised that this 

mechanism remains hypothetical, requiring further research for confirmation or 

refusal since there are many knowledge gaps involved – e.g. whether there are 

significant differences in population dynamics between different portions of an 

aggregation, what are effects of deposition of smaller sediment heights than those 
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presently examined on population dynamics, and the impact of varying hydrodynamic 

forcing in L. conchilega settlement across spatial scales. 

 

 

Fig 6.5. Illustration showing how heterogeneous L. conchilega tube density across a landscape 

can drive spatial heterogeneity. Uneven density within aggregations may result in spatially 

distinct autogenic effects on hydrodynamic flow (A). This results in distinct levels of 

sedimentation (B) and potentially different micro habitats, driving spatial heterogeneity.  

 

The aforementioned hypothetical mechanism relies on positive feedbacks between 

Lanice conchilega and its autogenic engineering effects, i.e. water flow modulation 

(see section 6.1). As mentioned previously, the effect of L. conchilega on 

hydrodynamic flow is density-dependent (Borsje et al., 2014). As such, L. conchilega 

establishment may rely on density thresholds, wherein a certain number of 

individuals per unit of space need to be present before flow is significantly modulated 

(sensu Bouma et al., 2009b). This means that new L. conchilega populations might 

need to overcome a density threshold in order to facilitate further settlement through 

hydrodynamic stress amelioration. Once these thresholds are conquered and 

population established, vertical growth may ensue through the aforementioned 

feedback between sedimentation and tube accretion, while being limited by increased 

mortality during events of catastrophic deposition (see section 6.1). Although it is 

unclear how a population may reach those thresholds, we hypothesise that intense 

settlement, such as the one observed in June 2014 (Fig 6.4B previously), may 

contribute towards initial aggregation establishment through the mechanisms 

described in section 6.2. Further observations of patch formation at smaller temporal 

scales than those presently investigated may be required to elucidate its formation 

since the patch type was formed within the period of 1 month (see chapter 4) and 

verify our hypothesis. 
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Multiple mechanisms likely act upon L. conchilega populations to generate small-

scale spatial patterns. As previously mentioned, the remote sensing survey found 

three distinct small-scale distribution types (see chapter 4). Potential mechanisms of 

formation for the patch type were discussed in the last few paragraphs. Two more 

types remain that were identified from observations during 2014: beds and 

interrupted beds (Fig 6.4B and C respectively) (see chapter 4). The L. conchilega bed 

type was characterised as a relatively homogeneous and continuous large 

aggregation (see table 1.1 in chapter 1 for further detail) that was observed in June 

2014 (Fig 6.6B) (sensu chapter 4). The distribution observed in the following month, 

July 2014, was characterised as a bed interrupted by large holes (Fig 6.6C) (see 

interrupted beds/mats in table 1.1 in chapter 1). As such, these observed patterns 

hint at disturbances as likely drivers of small-scale distribution during that period. 

Nevertheless, the presence of different patterns following L. conchilega settlement 

moments support the hypothesis of early spatial pattern formation driven by 

conditions during settlement as suggested by Heuers et al. (1998) for L. conchilega, 

and Levin (1992) as a general mechanism. Furthermore, our findings suggest that 

pattern formation follows distinct mechanistic paths depending on conditions at the 

time of settlement and/or immediately after it. As such, pattern formation may vary 

per settlement moment with L. conchilega displaying multiple pattern morphologies 

within one seasonal population cycle (as seen in chapter 4). 

Aerial imagery from April and June 2014 show two distinct pattern types, patches (Fig 

6.6A and B) and extensive beds (Fig 6.6C and D) respectively (see chapter 4). April 

marked the beginning of the spring recruitment with the appearance of a cohort 

composed of extremely small and highly abundant individuals – i.e. approx. 30 

000ind·m-2 with .67mm inner tube diameter (see chapter 3). This moment likely 

comprises individuals nearing the final settlement in the life cycle of L. conchilega, as 

the observed average inner tube diameter approximates the size of individuals during 

this life stage – i.e. approximately 0.40mm in diameter (Kessler, 1963) (see also 

Addendum I). The small-scale pattern during the following month (i.e. June 2014) 

changed into an extensive bed (Fig 6.6C and D), indicating that the population at that 

time may have been comprised of not only growing survivors, but also subsequent 

settlers since recruitment lasts a few months for both intertidal (e.g. Callaway, 2003) 

and subtidal populations (e.g. Van Hoey et al., 2006b). However, a comparison 

between average tube density in the two periods revealed a steep decline (see 
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chapter 3), contrasting with the latter hypothesis. As such, an alternative mechanism 

for pattern change between these two months is necessary and may be found in the 

works of Callaway (2003) on an intertidal population at Rhossili Bay (South Wales, 

UK). Callaway (2003) found that juvenile L. conchilega may settle upon adults, 

attaching themselves to the large tubes for a brief period of time. After approximately 

1 month, these juveniles detach and settle on the available substrate (Callaway, 

2003). As such, hydrodynamic conditions near the sediment surface during that time 

may modify spatial patterns by influencing settlement location through larval removal 

(Callaway, 2003) and/or larval retention within aggregations (Rabaut et al., 2009) (Fig 

6.7, bottom half of green box). Hydrodynamic phenomena such as eddies and/or 

gyres can substantially increase local larval retention whereas water fronts and 

currents may decrease it by transporting larvae away, affecting recruitment across 

space (Bradbury and Snelgrove, 2011). This may drive the creation of density 

gradients across space – e.g. Owenia fusiformis (Thiébaut et al., 1994). 

Nevertheless, our results show that spatial pattern may not only form during 

settlement, but may also change throughout the 1-2 months following its beginning. 

 

Fig 6.6. Small-scale distribution types presented in chapter 4 changed throughout the 

recruitment period of 2014. Visual comparison of orthomosaics (on the left) and presence maps 

(on the right: black indicates presence, while grey indicates absence) from April (A, B) and June 

2014 (C, D) revealed that the distribution changed from sparse patches (A, B) to an 

uninterrupted bed (C, D) during the 2 month period likely due to juvenile resettlement (sensu 

Callaway, 2003). 
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Fig 6.7. Modified flow chart showing the effects of autogenic engineering on water flow (blue 

box); how settlement, aggregation tube density, and hydrodynamics interact according to 

previous studies (green box); and the effects of hydrodynamic flow on tube density according to 

previous studies (yellow box). Blue box (adapted from fig 6.3): Past certain thresholds, density 

and protrusion height may negatively affect water current velocity, resulting in increased 

sedimentation (solid arrow: association shown experimentally without assessing current 

velocity). The latter has a positive impact on protruding height by triggering tube accretion (A). 

Insignificant engineering effects (B) may be present if density and protrusion height do not 

surpass the aforementioned engineering thresholds. Green box (adapted from fig 6.3): flow 

attenuation within aggregations may have a positive effect on larval settlement through 

facilitation. Higher settlement has a positive effect on tube density which may positively affect 

settlement in return through settlement cues (C) in addition to its engineering effect on flow 

velocity. Yellow box (adapted from fig 6.3): Strong water currents may have a negative effect on 

tube density by removing and/or dislodging L. conchilega from aggregations (D). Additionally, 

previous studies indicate that high hydrodynamic stress (represented here by current velocity) 

may remove larvae from the vicinity of aggregations and lower larval retention, negatively 

impacting settlement locally (green box, E). 
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6.2.3. The role of consumer-resource interactions 

Common mechanisms for spatial pattern formation include but are not restricted to 

consumer-resource interactions, disturbance-recovery processes, and scale-

dependent feedbacks (sensu Rietkerk and van de Koppel, 2008). As previously 

mentioned in chapter 1, population dynamics may influence pattern formation as it 

may differ between portions of a landscape due to either pre-established 

environmental gradients or gradients resulting from ecosystem engineering (Crain 

and Bertness, 2006). As an autogenic engineer, L. conchilega has the potential to 

create gradients of food availability in areas adjacent to its aggregations through 

filtration-pressure (Denis et al., 2007) in a similar manner to mussels creating 

gradients in chlorophyll-a concentration in the water column (van de Koppel et al., 

2005). As such, we hypothesised that consumer-resource interactions influence 

spatial pattern formation in Lanice conchilega aggregations. However, this potential 

mechanism would involve the examination of multiple processes, such as growth, 

maturation, recruitment survival, among others. Since evaluating the role of 

consumer-resource interactions on population dynamics comprises a complex task 

(see chapter 1), we elected to explore it through ecological modelling parameterised 

using data from our in-situ monitoring of the intertidal L. conchilega population in 

Boulogne (see chapter 5). 

A population simulation model was constructed with a Lanice conchilega population 

divided into juvenile and adult cohorts, as well as ecosystem compartments for 

generic nutrients, pelagic algae, and microphytobenthos (see chapter 5). The five 

equations system simulated L. conchilega population growth dependent on the 

consumption of pelagic algae and microphytobenthos. As such, growth of both 

cohorts could be limited if concentration of food sources decreased below pre-

established thresholds (see chapter 5 for further detail). Several scenarios were 

examined with varying levels of food availability and food assimilation, and the model 

was partially stressed (see chapter 5 for further detail). Preliminary results revealed 

that food–dependent growth would largely influence the temporal dynamics of 

average adult density by modulating juvenile maturation into that population cohort 

under the considered causal structure. Juvenile density dynamics were mostly 

determined by recruitment intensity. Total L. conchilega density was not noticeably 

affected by food limitation during the simulation study as it generally reflected the 

temporal dynamics of juvenile average density. These preliminary findings suggest 
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that it is unlikely that consumer-resource interactions as predicted by the 

hypothesised causal structure could influence population dynamics in a significant 

manner. Therefore, they also suggest that it is also unlikely that this mechanism 

would affect spatial pattern formation since very small effects of food limitation were 

observed on total population density. Nevertheless, the simulation model could not 

be fully stressed, and further research and a full suite of stress tests are required to 

establish all equilibrium states as well as confirm or refute current findings. Other 

mechanisms that were not included in the modelling effort may also influence small-

scale distribution, such as variable filtration rates due to current speed and particle 

size (Denis et al., 2007), or limitation of feeding due to high tube density (Buhr, 1976) 

and emersion during ebbing tide for intertidal populations. 

6.2.4. A note on potential mechanisms for spatial pattern formation 

Our preliminary findings for this portion of the work suggest that it is unlikely that food 

availability influences population dynamics to the intensity necessary for spatial 

pattern formation (see chapter 5). Instead, the findings discussed so far from 

previous chapters indicate that spatial pattern formation for L. conchilega 

aggregations seems to be a dynamic seasonal process, resulting in changing 

patterns throughout the year (see section 6.2.2). We hypothesised several 

mechanisms through which spatial patterns may form in L. conchilega aggregations 

based on the integration of our findings (see fig 6.7 for a graphical summary). These 

have in common the potential effects of hydrodynamic flow on larval settlement and 

establishment, which could not be explored in the present effort. As such, we suggest 

that future work attempt to explore possible influences of hydrodynamic flow on L. 

conchilega settlement and formation of early patterns at a spatial scale <1m, 

especially in such unconsolidated and dynamic environments as sandy intertidal 

zones. Nevertheless, the variability in distribution and presence throughout seasonal 

cycles grants Lanice conchilega aggregations an ephemeral nature that has been 

previously noted by Callaway et al. (2010) and has impacted discussions about its 

conservation status (e.g. Godet et al., 2008; Holt et al., 1998; Rabaut et al., 2009). 

This topic is discussed in the following section. 

6.3. Ecological value and current conservation frameworks 

Legal conservation frameworks within the European Union are determined by two 

documents, the Birds Directive (2009/147/EC) and the Habitats Directive 
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(92/43/EEC) (Evans, 2006). They list guidelines for the conservation of European 

avifauna (The Council of The European Communities, 2009) and habitats (The 

Council of The European Communities, 2007) respectively. Polychaete aggregations 

may be granted conservation status under the framework of the Habitats Directive as 

habitat type 1170, i.e. “reefs” (European Commission DG Environment, 2013). The 

reef habitat type is defined within the Interpretation Manual of European Habitats as:  

“Reefs can be either biogenic concretions or of geogenic origin. They 

are hard compact substrata on solid and soft bottoms, which arise from 

the sea floor in the sublittoral and littoral zone. Reefs may support a 

zonation of benthic communities of algae and animal species as well 

as concretions and corallogenic concretions.” 

(European Commission DG Environment, 2013) 

The provided guideline is unclear, enabling the inclusion of a broad range of marine 

constructs – e.g. hydrothermal vents and submerged rock walls (Evans, 2006). The 

latest revision of potential reef habitats within the UK has included 3 polychaete 

species for consideration – i.e. Sabellaria alveolata, Sabellaria spinulosa, and 

Serpula vermicularis (Holt et al., 1998). These species were included because (1) 

they create structures through conglomeration, (2) their structures rise significantly 

from the substrate surface (i.e. 20-75cm height), and (3) they comprise distinct 

communities from their surroundings (Holt et al., 1998). Comparatively, Lanice 

conchilega does not rise above the substrate as much as the included polychaete 

species (i.e. its aggregations rise approx. 5-16cm above the sediment surface – 

Rabaut et al., 2009). However, its aggregations can have significant effects on 

environmental properties and communities (e.g. De Smet et al., 2015), attaining reef-

like characteristics at much lower aggregation heights (Rabaut et al., 2009). 

Nevertheless, L. conchilega was not considered a reef habitat due to uncertainties 

surrounding the level of distinctness between aggregations and their surroundings, 

as well as the longevity of their effects on the ecosystem (Holt et al., 1998). Novel 

research has shown that L. conchilega aggregations display varying levels of 

distinctness depending on aggregation density (Rabaut et al., 2009). The autogenic 

engineering effects from Lanice conchilega rely on the capacity of its aggregations to 

influence environmental properties through hydrodynamic modulation (e.g. De Smet 

et al., 2015; Passarelli et al., 2015; Rabaut et al., 2009, 2007; Van Hoey et al., 2008) 

(see chapter 1). Flow modulation by L. conchilega ameliorates hydrodynamic stress 
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(Friedrichs et al., 2000), creating conditions that positively affect macrobenthic 

abundance and species richness as well as epi- and hyperbenthic abundances (De 

Smet et al., 2015). As such, after certain density thresholds, L. conchilega 

aggregations become distinct entities from their surroundings due to increasingly 

intense engineering effects (e.g. De Smet et al., 2015; Rabaut et al., 2007) and can 

be considered reefs of high conservation value at least in subtidal areas (Rabaut et 

al., 2009). Subtidal aggregations have been recognized as 1170 habitat (associated 

to 1110 habitat) for SCI delineation (SAC Vlaamse Banken BEMNZ0001). 

Nevertheless, the question of effect longevity as raised by Holt et al. (1998) during an 

evaluation of potential reef-builders in the UK remains. 

Part of the ecological value of autogenic engineers lies on the longevity of their 

concretions (i.e. how long concretions persist through time) and sustained 

engineering effects (Hastings et al., 2007). Temporal stability of engineering effects is 

a crucial factor in conservation research (Holt et al., 1998), as constantly 

disappearing effects may result in reduction of resources to other species, such as 

shelter or food – e.g. coral reefs (Graham, 2014), Sabellaria alveolata (Dubois et al., 

2002). For example, reefs built by the polychaete S. alveolata display varying levels 

of species richness among its different reef stages (Dubois et al., 2002). As 

previously mentioned, these stages are highly dependant on population dynamics 

cycles with recruitment periods replenishing the population and causing reef growth 

(Gruet, 1986), whereas decay takes part in the absence of recruitment (Gruet, 1986). 

The temporal stability of autogenic ecosystem engineers depends on the properties 

of their concretions determining rates of decay (Hastings et al., 2007) (see chapter 

1). As such, Lanice conchilega aggregation longevity may be influenced by 

population processes as it modulates engineering effects and vertical expansion (see 

section 6.1). In summary, fluctuations in density (Borsje et al., 2014) and individual 

tube size modulate the area of flow obstruction (Eckman et al., 1981) and 

consequently, mound maintenance through sedimentation and tube accretion (see 

section 6.1) (see fig 6.1 for a graphical summary). As such, seasonal cycles can 

result in highly dynamic populations with ephemeral aggregations as observed by 

Callaway et al. (2010) for an intertidal population in Rhossili Bay (South Wales, UK) 

and during our survey of the Boulogne intertidal population (see chapter 4). 

Presently, the seasonal aspect of L. conchilega concretions and consequently their 
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engineering effect on associated communities is responsible for its uncertain 

conservation status (Holt et al., 1998). 

The longevity of populations in Boulogne during our studies was much lower than 

that observed at other locations by previous research. Intertidal aggregations were 

noticeable for a maximum of 5 months in the sandy intertidal zone (see chapter 4). 

Comparatively, other studies report a persistence of approximately one year for 

intertidal aggregations (e.g. Callaway et al., 2010). Intertidal zones are generally 

highly dynamic environments with emersion and submersion from tidal regimes often 

resulting in a wide range of environmental conditions throughout a day, and overall 

high environmental stress (Kaiser et al., 2005). The highly dynamic and pronounced 

fluctuations of environmental conditions in the intertidal zone (Kaiser et al., 2005) 

mean that intertidal L. conchilega populations may be susceptible to population 

declines as they must overcome these conditions. Our findings indicate that 

population dynamics and temporal stability in intertidal aggregations may be a result 

of environmental stress such as those imposed by seasonal fluctuations in conditions 

and/or natural events – e.g. water temperature (see chapter 3) and/or intense 

sedimentation from storms (see chapter 2). Environmental stress in Boulogne may 

also include anthropogenic impact, since L. conchilega aggregations are located near 

a large harbour (Rabaut et al., 2008), and on a highly visited portion of the coast for 

tourism (pers. obs.) and small-scale fisheries (Martin et al., 2009). The ramifications 

of anthropogenic impact may account for the lower persistence observed in Boulogne 

in comparison to other intertidal populations (e.g. Callaway et al., 2010) 

Seasonal fluctuations in intertidal L. conchilega population dynamics likely influence 

their ability to sustain aggregations and engineering effects (see section 6.1). As 

such, ecosystem functions performed by intertidal L. conchilega should also fluctuate 

seasonally, impacting several species that are associated to its aggregations. For 

example, previous research has suggested that several fish species, such as the 

North Sea plaice Pleuronectes platessa actively select for tube aggregations 

consisting of Chaetopterus sp and L. conchilega near Boulogne (Rees et al., 2005). 

Additionally, juvenile P. platessa densely occupies L. conchilega aggregations in the 

Belgian Part of the North Sea (BPNS) during spring (Rabaut et al., 2010). This period 

comprises the spawning period for the North Sea plaice (van der Veer et al., 1990) 

and recruitment for L. conchilega (see chapter 3). Nursery grounds availability and 

connectivity (i.e. easiness to be reached by developing individuals) during that time 
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strongly influence P. platessa population abundances by modulating survival - see 

Rijnsdorp et al. (1995) and van der Veer et al. (2000) for further details. Thus, the 

dense presence of juvenile P. platessa in L. conchilega aggregations during spring 

suggests that these biogenic concretions function as nursery grounds (Rabaut et al., 

2010), providing structures for juveniles to hide in as an alternative to burying in bare 

sand (Rabaut et al., 2010). This seasonal relationship between L. conchilega and P. 

platessa illustrates how ephemeral aggregations may significantly contribute to 

maintenance of other species through seasonal demand for its ecological roles. 

Furthermore, previous research shows that Lanice conchilega aggregations in 

Boulogne entrap large amounts of organic matter, increasing food supply to 

associated species that maintain larger macrofaunal food webs when compared to 

bare sand (De Smet et al., 2016b). As such, assessments of L. conchilega 

conservation status in intertidal areas should be complimented with data on the 

ramifications of its presence, density, and intensity of engineering to the rest of the 

trophic network it is inserted in, as its functional value may not be readily apparent. 

6.4. Conclusions and future prospects 

This thesis explored the autogenic engineering effects of the sessile reef-building 

polychaete Lanice conchilega through two temporal scales using short-term 

experiments and analysing the seasonal evolution of its population dynamics and 

ecosystem engineering effects as well as small-scale distribution for the first time. In-

situ monitoring enabled the exploration of population dynamics and engineering 

effects through seasonal cycles, as well as characterisation of L. conchilega small-

scale distribution patterns. Additionally, we explored the impact of consumer-

resource interactions on population dynamics through population-based modelling. 

Our experimental findings revealed interactions between sedimentation, tube 

accretion, and mortality, associating L. conchilega autogenic engineering with 

population dynamics and aggregation maintenance. Remote sensing methods 

applied during monitoring revealed the temporal evolution of L. conchilega small-

scale distribution at unprecedented spatial resolution. This enabled the identification 

of three distribution types (i.e. patches, beds, and interrupted beds). Distribution 

types were formed following recruitment periods, suggesting that pattern formation is 

a consequence of interactions between larval settlement and hydrodynamic 

conditions during that period. An analysis of pattern types allowed the construction of 

hypothetical mechanisms of pattern formation and maintenance for L. conchilega 
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aggregations. As such, we hypothesise that (1) patches may form as a result of 

hydrodynamic impact on larval settlement and survival until the end of recruitment, as 

well as (2) heterogeneous density and autogenic engineering across the landscape 

impacting hydrodynamic stress at a local scale. We also hypothesise that (3) 

extensive L. conchilega beds may be formed during intense settlement events, and 

that (4) local disturbances may lead to the transformation of L. conchilega small scale 

(i.e. <1m) distribution through time (see section 6.1). It is worth noting that these 

hypotheses remain untested and require further examination. Lastly, preliminary 

results from the population model simulations suggest only a marginal importance of 

consumer-resource interactions on adult L. conchilega and highlighted the 

importance of recruitment and establishment of juvenile cohorts for total population 

density dynamics. 

Current conservation frameworks provide broad definitions which increase the 

difficulty in identifying priority habitat types for conservation. As such, identifying and 

granting conservation status to reef-like L. conchilega populations is difficult. 

However, the framework does not fully exclude the creation of special areas of 

conservation (SACs) nor sites of community interest (SCIs) based on L. conchilega 

reef-like aggregations and subtidal high density beds are recognised as habitat 1170 

in Belgium. Our work focuses on intertidal high density aggregations and revealed a 

shorter longevity of intertidal L. conchilega in Boulogne in comparison to other 

intertidal zones. Conservation status may be harder to achieve for intermittent 

intertidal aggregations such as these. Nevertheless, ephemeral L. conchilega 

aggregations may still play a crucial role on the temporal fluctuations of associated 

species with seasonal population cycles – e.g. North Sea plaice (see section 6.3). As 

such, it is advised that evaluating the conservation status of L. conchilega 

aggregations should be complimented with studies about the ramifications of its 

presence, density, and ecosystem engineering effects on its associated trophic 

network in addition to indicators such as longevity if we want to evaluate the 

conservation potential in intertidal areas. 

The main goal of this thesis was to investigate potential mechanisms for spatial 

pattern formation while focusing on small-scale processes influencing L. conchilega 

population dynamics. Although considerable headway was achieve during the 

making of this thesis, several knowledge gaps remain that should be addressed by 

future research to clarify processes of spatial pattern formation in L. conchilega 
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aggregations. These challenges are discussed subsequently in a suggested order for 

prioritisation. Our findings point toward critical roles for hydrodynamic forcing and 

larval settlement, establishment, and survival in pattern formation. As such, 

examining the role of local hydrodynamic stress on settlement, establishment, and 

post-settlement survival of juvenile L. conchilega is of crucial importance, as it may 

improve our understanding on the formation of early patterns. Identifying the 

hydrodynamic conditions under which larvae and adult removal occur is also 

important since these may trigger fragmentation of L. conchilega aggregations. 

Additionally, the ability of L. conchilega to re-establish itself following removal may 

also be of interest since it may influence small-scale distribution. Furthermore, the 

interactions among hydrodynamic flow, tube density, and sedimentation should be 

further explored in a spatial explicit manner. For example, determining a 

sedimentation threshold and/or range after which mortality becomes significantly 

higher within an L. conchilega aggregation may enable an understanding of how 

population dynamics and recovery following catastrophic sedimentation events can 

affect spatial pattern formation. Exploring recovery mechanisms of L. conchilega 

aggregations following catastrophic sedimentation events also require further study 

and may help clarify how these events affect spatial pattern formation by modulating 

population dynamics. Our findings also indicated that population dynamics may differ 

between portions of an aggregation, but this could not be confirmed nor refuted due 

to the short time frame of the study. Further investigation of spatial dynamics inside 

L. conchilega aggregations may provide clues as to how spatial heterogeneity may 

be created, initialising fragmentation. Lastly, determining the role of water 

accumulation into puddles on population dynamics as different facets of L. conchilega 

filter-feeding may result in contrasting outcomes for population survival, with potential 

cascading effects on its spatial distribution from heterogeneous accumulation across 

space. 

Additional factors may further contribute to spatial pattern formation in L. conchilega 

aggregations which are not immediately apparent during the making of this thesis, 

but should also be considered for future research. Conservation efforts would profit 

from research exploring the evolution of L. conchilega small-scale distribution 

alongside the evolution of its associated community structure. Associated fauna may 

have different functional roles, countering and/or amplifying the effects of L. 

conchilega aggregations on its environment. These complex interactions between L. 
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conchilega and its associated communities may affect spatial pattern formation in L. 

conchilega aggregations. Investigating the role of protection and anthropogenic 

disturbance may also contribute to our understanding of dynamics in L. conchilega 

aggregations, since human activities, such as port traffic and tourism may have a 

significant impact on exposed L. conchilega populations. In other words, it is possible 

that non-protection caused the variability observed in our study site which may be 

subjected to influences from the Port of Boulogne as well as visiting tourists. Lastly, 

this thesis evaluated intertidal L. conchilega aggregations in one location, and future 

research would benefit from additional, comparable case-studies, enabling the 

corroboration or rebuttal of underlying processes for spatial pattern formation in L. 

conchilega aggregations. For example, the imbalance between the amount of 

research investigating intertidal and subtidal dynamics was remarkable during the 

making of this thesis. As such, we suggest future investigation of more case-studies 

regarding subtidal L. conchilega populations and their connectivity to intertidal 

populations which seem to heavily depend on larvae from subtidal aggregations. 



 

188 
 

  



 

 
 

Addendum cover  



 

 
 

  



 

191 
 

Addendum I: L. conchilega life cycle 

The life cycle of Lanice conchilega can last between 1-3 years (e.g. Beukema et al., 

1978; Ropert and Dauvin, 2000; Van Hoey et al., 2006b). During that time, the 

polychaete worm goes through seven life phases (Fig I.A) - for further details on the 

life cycle of Lanice conchilega, the reader is referred to the works of Bhaud (1988), 

Bhaud and Cazaux (1990), and Kessler (1963). The cycle starts with spawning and 

once in the water column, the eggs develop into prototrochophora larvae within the 

first day (Fig I.A: 1) (Kessler, 1963). These are free living planktonic larvae that 

remain near the substrate (Kessler, 1963). This larva is characterized by a spherical 

shape, a band of cilia near its equator, and an apex plate at one of its “extremities” 

(Kessler, 1963). After the first 24h, prototrochophora larvae develop cilia on the apex 

plate and a pygidial telotroch as they change into trochophora larvae (Kessler, 1963) 

(Fig I.A: 2). From day 2 until day 4, trochophora larvae turn into metatrochophora-I 

larvae (Fig I.A: 2-4), wherein their bodies take on a pear-shape form, and cell groups 

differentiate into precursors of the intestine, mouth, and anus.  During development, 

metatrochophora-I larvae develop segmentation, and the digestive system connects 

to the extracorporeal environment (Kessler, 1963). In addition, eye precursors 

emerge, while several sets of cilia develop for swimming (Kessler, 1963). 

The next stage, metatrochophora-II, lasts from the 5th to the 6th day (Fig I.A: 5-6) and 

is characterized by bipartite living, that is a transitional stage between planktonic and 

benthic existence as L. conchilega settles for the first time (Kessler, 1963). It is 

unclear how L. conchilega settles during the metatrochophora-II phase. However, 

several physiological adaptations develop that facilitate settling. These include, but 

are not restricted to, the development of geotaxis (i.e. the ability to navigate based on 

Earth’s gravitational field), and larval bristles with which larvae attach themselves 

onto substrate (Kessler, 1963). Once settled, metatrochophora-II larvae develop 

specialized cells for mucus production, employed in building rudimentary detritus 

tubes (Kessler, 1963). The rudimentary tube and mucus production likely aid 

positioning (Kessler, 1963) and buoyancy (Bhaud and Cazaux, 1990) during the next 

planktonic phase. On the 6th day, metatrochophora-II larvae release themselves back 

into the water column (Kessler, 1963), and develop into the last planktonic phase, the 

aulophora larvae (Kessler, 1963) (Fig I.A: 30). Once detached, the aulophora larvae 

move away from the substrate and onto open water for a period of approx. 48 days 
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(Kessler, 1963). That period is marked by a growth in length through further 

segmentation and migration of provisional organs to their final positions (Kessler, 

1963). Further morphological changes occur that grant L. conchilega its adult aspect 

– e.g. development of feeding tentacles, attachment hooks, gills from larval 

precursors (Kessler, 1963). After gill development, the aulophora larvae settle 

(approx. day 60), marking the beginning of the juvenile phase (Fig I.A: 60), in which 

individuals grow in size while widening their tubes, until adulthood (Fig I.A: 1-3years) 

(Kessler, 1963).  
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Fig A. Life cycle of L. conchilega: Following release, eggs develop into prototrochophora larvae 

during the first day by developing an apex plate and a band of cilia around its equator (1). 

Subsequently, prototrochophora larvae turn into trochophora larvae with the appearance of cilia 

on the apex plate and a pygidial telotroch (2). From day 2 to day 4, trochophora larvae change 

into metatrochophora-I larvae. The most noticeable changes comprise the body taking on a 

pear shape, segmentation and cell differentiation begin, the digestive system connects to the 

outside, and eye precursors emerge (2-4). These metamorphose into metatrochophora-II 

larvae, characterized by bipartite living (5-6). Changes during this stage include the 

development of geotaxis, bristles (used to attach the worm to the substrate), and specialized 

cells for mucus production (5-6). Metatrochophora-II larvae develop into the last larval stage, 

aulophora larvae (6-30). This planktonic larvae remains on the water column for approximately 

30 days and is characterized by a marked growth in length via further body segmentation, 

migration of provisional organs to their final positions within the body, and gill development (30). 

Following these changes larvae settle and develop into juveniles (60), building their sand tubes 

and growing in size. Illustrations adapted from Kessler (1963). Photo by Renata M. S. Alves. 
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Addendum II: Digital elevation models 
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Addendum III: Orthomosaics 
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