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Abstract

Estuarine and coastal environments provide a wide range of societal goods and services that
need to be strategicallganaged to ensure sustainable use of resources. Ecosystem service (ES)
assessments are transitioning from individual ES to reattrice assessments that consider
interactions and grouping of ES (i.e. bundles). This thesis investigates the use of dcologica
mechanism (i.e. the links between ecological processes, functions, and ES) to derive insights
into the associations between multiple ES provided by marine bivalves and the implications

for management.

In datascarce marine environments, conventionaligpadethods for assessing ES interactions

and bundles are not always feasilfl®wever, advancements can be made by focussing on
ecological mechanisms, as for bivalves their ecological role has been extensively $tuglied.
complex links between processts)ctions, and ES were identified for bivalves, which were
used to derive four ES bundles based on shared underpinning mechanisms. This study provides
detailed descriptions of the specific (set of) ecological mechanisms per bundle, thereby gaining
insights in how the ES are formed, the interactions between ES (synergies araffsadad

the environmental stressors they are prone to.

Quantification of ES remains challenging, and measuring them in functionally similar species
in different habitats is raty considered, although ecological studies indicate differences are
likely. | measuredn situ bivalve contribution to water quality regulation for two functionally
similar bivalve species (infaunal suspensieaders) that dominate different estuarinkitads
(subtidal and intertidal). Benthic chambers were used to measure solute fluxes (oxygen and
nitrogen) and bed clearance rates as proxies for ES. Empirical findings indicated higher hourly
productivity, nitrogen recycling, and water column filtratiarthe intertidal. However, when
converted to daily ES estimates these patterns did not persist, emphasising the unequal
contribution to functions and ES by functionally similar species and thdimear scaling

between them.

Many ecological processesdafunctions are density dependent, hence spatial information on
the distribution and density of bivalves is an important prerequisite to estimate ES. Probability
of occurrence and density were predicted using Species Distribution Models (SDMs) for two
estwarine bivalve species. Fine scale (100 m resolution) predictions showed different spatial
patterns depending on habitat association. Species with a narrow distribution displayed good

congruence between occurrence and density predictions, whereas spdbies wide



distribution demonstrated that a high probability of occurrence does not always equate to high
density. Simultaneously considering both occurrence and density will improve decision

making and identify areas of greatest ecological value to tlogespef interest.

Ecological mechanisms can be further applied to advance spatial predictions of multiple ES in
marine environments, through procéssed models that incorporate ecological principles to
derive ES potential and assess natural variabiliggS. Four ES (food provision, water quality
regulation, nitrogen removal, and sediment stabilisation) were spatially predicted for two
bivalve species. Spatial patterns in ES related to the species habitat association, with varying
guantities and were adien by environmental conditions. Hotspot analyses on combined ES
maps per species identified higensity areas for the provision of multiple ES simultaneously.
These models provide a versatile tool to inform current management practices and can be

furtherapplied to test management scenarios.

Collectively the results from this thesis demonstrated the utility and effectiveness of ecological
mechanisms to determine ES interactions and bundles, and the spatial heterogeneity observed
across estuaries. It albaghlighted the interconnectedness of marine ES and the implications

for their management.
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CHAPTER 1
General introduction

1.1 Background andhtroduction

1.1.1 Ecosystem services, interactions, and bundles

Within any ecosystem, a wide range of goods and services are generated that link the natural
environment to various benefits on which societies(i2§ily 1997) Theseecosystem services
(hereafter ES; se&able 1.1 for definitions used in this thesis) include, for example, the
provision of food, material, fresh water, climate regulation, soil formation, cultural heritage,
and recreatiofMEA 2005) The ES concept was first proposed as a means of linking the
natural environment to the benefits aradines people derive from thei@ostanza et al. 1997,

Daily 1997, MEA 2005)and has grown and gained increasing traction as a practical tool to
spatially assess ES and their value to inform environmental (resource) manageyobngt

al. 2008, Burkhard et al. 2012, Maes et al. 201E8&) are underpinned by a complex web of
abiotic and biotic interactions, i.e. tleeologicalprocessesnd ecosystem functiortaking

place in the environmeniHainesYoung and Potschin 2010jhrough ecosystem service
providers(ESP; Kremen 2005, Luck et al. 200E)5 therefore rely on wellinctioning, healthy

and resilent ecosystems that need to be maintained to ensure sustainable use of all resources
and services, and are jeopardized by increasing anthropogenic pressures on the environment
(MEA 2005) It is important to recognise that ES are merely the consequence of the natural
processes and functions normally performed by ecosystems and the species theasgmeaind
actively provided as sucfBeaumont et al. 2007However, ecosystem functions require a
societal demand for the benefits aralues generated to be considered ar(HEBnesYoung

and Potschin 2010)The ES framework therefore enables interdisciplinary research on the
supply and demand of these services from ecologicalals economic, and management
perspectives. A common challenge for all disciplines is to gain better understanding on how
multiple ES are formed from the same system or ESP, how they interact with each other, and
how they can be best managed simultango(esg. Raudsepplearne et al. 2010, Martin

Lépez et al. 2012, Dendoncker et al. 2013, Ament et al. 2017, Baro et al. 2017)

The multitude of ES and their estimated values have long been recognised in many different

environments around the woild.g. Costanza et al. 1997, Barbier et al. 204dlthough in the



past the majority of studies have focussed on single ES in isolation. However, ES are strongly
interconnected and interact in complex, dynamic, andinear ways in space and tinfieieb

et al. 2017)just like the ecology that generates them. A first typology for ES interactions was
proposed byBennett et al. (2009)and focussed on two different pathways resulting in
interactions. These interactions can occur when multiple ES are affected by similar drivers, or
by direct interactions amongst ES themselves, in the fosyr@rgiesor trade-offs. Synergies

are often cowisnsdbe,r eads assnedOwsienr vi ce positively
and vice vers&Bennett et al. 208) Maes et al. 2012b, Howe et al. 2Q1®)adeoffs on the

other hand result in one ES increasing at the cost of another, and can result in a loss/decline of
ES (Bennett et al. 2009k.g.provisioning ESoften conflicts with other ES that rely on the
presence of the harvested good/species from the system to contribute to other regulating or
supporting processglLee and Lautenbach 2016)he interconnectedness of ES is further
exemplified in the formation d&&S bundleswhich reflects groups of associated ([Baudsepp

Hearne et al. 2010)ES bundles provide insights into the multiple ES associated with
heterogeneous, multifunctional lssthpes and often focusses on the spatial distribution of ES
clusters. Ecosystem multifunctionalityefers to the characteristic of ecosystems to
simultaneously perform multiple functions, that may lead to a particular ES Wiiedhy et

al. 2016, Manning et al. 2018Ylost ES bundle assessments focus on the congruence or co
occurrence of ES in space, thereby reflecpagernbased multifunctionalityMastrangelo et

al. 2014, Spake et al. 201 Processbased multifunctionalityon the other hand, focusses on

the mechanistic understanding of the ecological processes driving multifiiéaB®angelo et

al. 2014) but are much less frequently used fortit@dles assessments.

There are a variety of methods available to assess ES interactions and bundles, mostly derived
from terrestrial studies where extensive spatial andleseddata are often availalfieurkhard

et al. 2012, MartineHarms and Baluaera 2012) ES interactions are frequently assessed
through pairwise correlation between two ES, where a positive and negative correlation
coefficients indicates a synergy and tradierespectively(Mouchet et al. 2014 Bundles on

the other hand are mogtidetermined using clustering analyses (includinghdans or
hierarchical clustering) on a regional or municipality sq@®eaudsepgHearne et la 2010,
Mouchet et al. 2014)These bundles are often consistent with lasel patterns, specific to
forests, agricultural or aquatic are@®audsepgHearne et al. 2010, Queiroz et al. 2015,

Depellegrin et al. 2016)and reflect a competition for spa¢&pake et al. 2017)In



Table 1.1 Definitions of key terminology as used in this thesis.

Term

Definition

Ecological mechanism

The mechanistic links between processes, ecosystem functions, and ecosystem services

Ecosystem functions (EF

An intrinsic ecosystem characteristic related to the set of conditions and processes whereby an ecosysternr
its integrity, including decomposition, production, and fluxes of nutrients and efMEyy 2003)

Ecosystem
multifunctiorality

The characteristic of ecosystems to simultaneous perform multiple functions, that might be able to provide
particular ES bundléBerry et al. 2016)

Patternbased multifunctionalityefers to the joint supply of multiple ES in space, whepeasessbased
multifunctionalityis defined as the joint supply of ES in space caused by well understood relationships of sy
or complementarity among thefklastrangelo et al. 2014)

Ecosystem service (ES)
- Provisioning ES
- Regulating ES
- Supporting ES
- Cultural ES

The direct and indirect contributions of ecosystems to humarbegly(de Groot et al. 2010a)

- Products obtained from ecosystems (e.g. food, fresh water, fibre, genetic resources)

- Benefits obtained from regulation of ecosystem processes (e.g. climate regulation, water regulation)
- Services necessary for the protioie of all other ES (e.g. nutrient cycling, primary production)

- Nonmaterial benefits obtained from ecosystems (e.g. recreation, aesthetics, cultural heritage)
Definitions and examples of ES categories from the Millennium Ecosystem Assefsiaan?005)

Ecosystem Principles
Approach (EPA)

A method for simplifying ecological information into management frameworks relevant to the goods and se
approach(Townsend et al. 2011)

ESbundle

Sets of associated ES that repeatedly appear together across spacéRauasepgHearne et al. 2010)

ESprovider (ESP)

The component populations, species, functional groups (guilds), food webs or habitat types that collectivel
produce ecosystem servigggemen 2005)

Processes

The complex interactions (events, reactions or operations) among bioticiamnc @bments of ecosystems whicl
underlie an ecosystem function, e.g. photosyntl{&sis et al. 1998, Harrington et al. 2010)

Synergy

A situation where the use of one ES directly increases the benefits supplied by andihek&Soom et al. 2015

Tradeoff

A situation where the use of one ES directly decreases the benefits supplied by ¢ihek&8oom et al. 2015)




environments where detailed spatial datescarce, like many marine and coastal ecosystems,
applying these methods has not been possible and has resulted in a lag in ES as¢bEsraents

et al. 2012, Townsend et al. 2018\ number of models for marine ecosystems have been
developed, including for example marine applications in InVESTerry et al. 2012pr
studies that apply matrlzsased approaches using seascape type or seafloor habitat as an
analogueto land cover(e.g. Galparsoro et al. 2014, Potts et al. 2014, Geange et al. 2019)
However, studies focussing on specific habitat types often make the assumptions of equal
service delivery and disregard landscape heterogefediGter et al. 2020)and do not
account for nodinear scaling between ecosystem functions and ES in relation to habitat size,
seasonality, or varying environmental conditi(Barbier et al. 2008, Koch et al. 200Recent
advancement in marine systems include studies that (spatially) quantified multiple marine or
coastal ESe.g. Townsend et al. 2014, Arkema et al. 2015, Cabral et al. 2015, Geange et al.
2019, Manea et al. 2019, Neumann et al. 2019, Depellegrin et al., 20@0¢ver the

assessment of EStaractions and bundles in marine ecosystems remain limited.

When insufficient dataare available to assess ES bundles and interactions spatially,
information can be derived from underpinning ecological processes to gain insights in the
mechanism that drevES formation and the resulting associations between ES from the same
ESP.Ecological mechanismss the links between processes, ecosystem functions, and ES,
can provide insights in procebssed multifunctionality and is fundamental to understand the
formation of ES bundles. Although research on the contribution of organisms and/or
biodiversity to ES is ongoing, their contribution to ecosystem functioning is relatively well
establishedLuck et al. 2009)The ecosysterfunctioning literature established the role species,
functional groups, and/or biodiversity (e.g. species richness) play in ecological processes, and
are increasingly linked to E@ooper et al. 2005, Naen et al. 2009)For example, plant
functional traits were proposed as indicators for ES, as an improvement for punséaiade

cover approaches, to assess the delivery of multiplédE3Bello et al. 2010, Lavorel et al.
2011)and have been further applied to study tratfe and synergies between B&vorel and

Grigulis 2012) Ecological mechanisms are increasingly used in marine ES assessments
(Snel grove et al . 2014, Cul hane et abut 2018,
have not been progressed much past network diagrams. These network diagrams show the
numerous and complex links and feedbacks betveeosystem attributes, ecosystem functions

and ES, and that there is apeto-onecorrespondence, meaning that one function underpins

more than one ES. By embracing this complexity, information can be gained on the drivers of



and associations between Hffough procesbased multifunctionality. In this thesis, | focus

on bridging the gap in marine ES bundle and interaction assessments by applying ecological
mechanisms to assess ES associations, and discuss the implications and benefits for
management ahultiple ES.

When multiple services are derived from the same ecosystem or species therein, it is important
to recognise that management actions and decision for one service may alter the delivery of
others. ES are never independent, and hence decisikersnaust consider multiple ES
derived from the same system to avoid unanticipated and undesired consequences of their
actions.Sustainable management is of growing importance to ensure the future capacity of
systems to provide EB a world of environmental decline. However, the strong focus on
tangible provisioning services of high economic value in the past has led to losses of other
(regulating, cultural, and supporting)services (Rodriguez et al. 2006) However,
multifunctional habitats that prowed regulating services tend to increase other ES
simultaneously, as well as resilience of the system, and underphtelongservice delivery
(RaudsepfHearne et al. 2010, Sutherland et al. 20E@) marine ecosystems, the management
focus is shifting towards more holisticEcosystem Based Managem@ BM) approach that
emphasises theng term health of coasts and oceans, as well as humabeiryj(McLeod

and Leslie 2009)In contrast to previous management approacheswtrat fragmented and

often focussed on managing single species or seftoys fisheries managemengBM
focusses on cumulative impacts of multiple sectors and ecosystem connédsions.Spatial
Planning (MSP)s a practical approach to implementing EBM and focusses on organizing the
spatial and temporal distribution of human uses of the ocean space, and the interactions
between different uses and the environng8antos et al. 2019%tudies focussing on multiple

ES, their interactions, and ES bundles provide great insight for EBM and@4$RVhite et

al. 2012, Lester et al. 201 &specially when tradeffs between different ES, usespressures

need to be balancéd@urkelboom et al. 2018)t can also provide information to help optimise
management decisions, by identifying if and where ES can best be utilised, maintained, or
increased withaunegatively affecting other ES in the procédaintaining the delivery of all

ES is a key goal for EBM and MSP, and hence ecological insights in the health, functioning,
and resilience of ecosystems are needed to guide manag@memter and Norse 2008, Foley

et al. 2010)



1.1.2 Ecosystem service supply in coastal systems

The majority of the worlds societies are based along the coast and are strongly dependent on
the benefits provided by estuarinedacoastal regionfHinrichsen 1999, Small and Nicholls
2003, MEA 2005)Some examples of ES provided by coastal regions include the provision of
goods, like food from fisheries, aquaculture, recreational gathering of food, agwiahsde.g.
seaweed as fertiliser, shell material). Other services provided include regulating ES like
nutrient recycling, carbon sequestration, and erosion prevention of shorelines, as well as
supporting ES providing habitat and support for speciescaastal ecosystems are hotspots

for biodiversity(Barbier et al. 2011)Furthermore, a range of cultural services are provided,
including recreation, tourism, aesthetical appreciation and cultural signifif@adaer et al.

2011, Brown and Hausner 2017Mhe vast number of people living near coastal ecosystems
and utilizing the ES provided, has resulted in pressures on resourceggativen local
anthropogenic impacts on the marine environment. Some of the most concerning local threats
to estuaries and coastal ecosystems include overharvesting, urbanization arslehdnge,
resulting in increased eutrophication, sedimentationrandff of pollutants and pathogens,
reclamation, altered hydrology, invasive species, @@nnish 2002) These stressors
combined with global stressors (likeea level rise(SLR), global warming, and ocean
acidification) can have cumulative impacts on the health and functioning of coastal and
estuarine ecosystems and threaten the-teng supply of ES to socief}dalpern et al. 2007,

Crain et al. 2008)For example, a global decline in marine biodiversity has resulted in a loss
of ES through collapses in fisheriesgduced water quality and reduced resilience of the system

to perturbationgWorm et al. 2006)There is an urgent need to improve our understanding of
the multiple ES and their bundles provided in coastal and estuadsgstems and identify the
interactions between services to improve our ability to make informed management decisions.
This includes both quantitative and qualitative studies, and improving knowledge on spatial
heterogeneity in service supply at a scalprapriate for their management, as well as their

vulnerability to environmental stressors.

An example ofakey ESP in estuarine and coastal ecosystemivalve beds(hereaftemore
broadlyreferred toasshellfish bedgs whichrepresent an important component of coastal and
estuarine ecosystems as many aspects of their functioning link the benthos to the water column
Shellfish habitats are defined as a location where shellfish dominate the benthic biomass, and
function as ecgostem engineergsensuJones et al. 1994)0When bivalves occur at high
densities, they can create, modify, and maintain habitats that alter the physical state of the



environment. Mich of the work related to ES delivery by shellfish beds has focussed on
epifaunal speciegeg. oysters and mussgl©verharvesting and eutrophication have resulted
in the loss of large proportions of epifaunal bivalve reefs globally (Beck et al. 2011). The first
overviews of shellfish ES were targeted at summarizing the benefits that wened asiuid

be regained by restoring collapsed populati@ng. Coen et al. 2007, Grabowski and Peterson
2007) including not only the harvesting bfvalvesfor food, but also their contribution to
water quality, shoreline stabilisation, and habpabvision for other specie@Coen and
Luckenbach 2000, Zu Ermgassen et al. 200@re recentlya detailed reviewf the multitude

of ES provided by marine bivalvesdtzeen publishe@Smaal et al. 2019ndmultiple papers

have addressed specific case studies, likel&®ed from aquacultur@e.g. Shumway et al.
2003, Alleway et al. 2019, van der Schatte Olivier et al. 202G)onrcommercial bivalve
speciegCarss et al. 2020)

Despite the attention bivalve reefs have received, the contribution of infaunal bivalves (those
living within the sediment) to ES has received much less attention. The ecological role of
infaunal bivalves has been studied extensively around the world, and they are known to
contribute to a range of similar ESarss et al. 2020However, due to functional differences
between infaunal and epifaunal species (e.g. bioturbatiamigationvs. reef formation, and
differences in filtration ratesihefindingsfrom ES assessments for epifaunal bivalves may not
apply and the contribution to ES may differ in quantity, space, andRonexampleinfaunal
bivalves will not contributéo habitat provision, sediment stabilisation, and coastal protection

to the samextent as epifaunal speci&¥ith a lack in ES bundle and interaction assessments,

in combination with a strong focus on few wklown species in previous assessments, the
shellfish ES literature would benefit from a better understanding of how muitpiateract

for a wider variety of shellfish functional groups. Furthermore, understanding how functionally
similar species contribute to ES in different habitats (e.g. intertidal and subtidal estuarine areas)
can further our understanding of spatial hegeneity in ES provision and what may change
when habitats shifts, due to for example SLR. This information is crucial for our understanding
of the ES shellfish deliver in estuarine and coastal environnardsy establish baselines for

the current avadlble ES to which past losses and future changes can be assessed. Moreover, it
contributes to effective locacale management strategies and actions to protect, maintain, and

restore these ecologically important species.



1.2 Thesis rationale, aims and objsets

The overall aim for this thesis is booaden the understanding on hslvellfish beds contribute

to the provisioning omultiple ESin temperate estuariethrough the ecological mechanisms

that underpin interactions between services and the formation of ES buifaltes. on the ES
supplied by bivalves as a case study, as they are kBysg&ies in estuaries and coastal
ecosystems and their ecology is lehderstood, allowing me to derive the underpinning
ecological mechanisms that result in ES provision. My thesis comprises four research chapters,
each addressing a key component to further the understanding of ES bundles and interactions
between servicesThese components include identifying conceptual ES bundles (Chapter 2),
guantifying EF underpinning ES (Chapter 3), creating reliable bivalve density models at a fine
resolution (Chapter 4), and mapping multiple ES across an estuary to assessroeme of
services (Chapter 5Work in Chapters 3 to 5s conducted in Tauranga Harbour, an
ecologically and culturally important estuairy New Zealand, where the impact of two
dominant infaunal bivalve species on ESonsidered. fie intertidal venerid liteneck clam
Austrovenus stutchburgind the subtidal mesodesmatid clBaphies australigre chosen to
assess thenpact of functionally similar species occupying different habitats on ecosystem
functioning and ESThe thesis concludes with a general dgsiton (Chapter 6) where | focus

on the variability in ES and the ndinear scaling from ecosystem functions to ES, and the
implications for environmental management. The specific aims and objectives for each

research chapter are described below.
1.2.1 Chapter2

This chapter aimd to identify the range of services provided by bivalves and group these
services in bundles based on similarities in underpinning ecological mechanism(s). Via a
literature review, links between processes, ecosystems functions and services were identified
based on the current ecological understanding of the roles bivalves play in estuarine ecosystems.
This information can then be used to identify shared mechanism that underpin multiple services,
which can be grouped together in bundles of associated ESstlily focused on the synergies

and tradeoffs between services from a qualitative perspective, and stressors impacting ES
bundles. Identifying bundles based on existing literature increases our theoretical
understanding of multiple ES supply and theiteractions and addresses prodeased

multifunctionality of ES.



1.2.2 Chapter 3

In this chapter | aimed to empirically quantify ES related to water quality regulation by
measuring a number of ecosystem functions that directly underpin this service. To do this, |
designed ann situ field study to measure functions and quantify sesvicemparing an
intertidal and subtidal community dominated by different species of suspdasiiing
bivalves. In this study, | quantified the contribution of naturally occurring shellfish beds to EF
and ES by studying their effect on nutrient processirger clarity improvements and primary
production. Obtaining measures on the amount of services provided by key species occupying
different parts of the estuary helps identify under what circumstances these services are
provided and help quantify the cabutions to human derived benefits of water quality

regulation.
1.2.3 Chapter 4

Many ecosystem functions are dengigpendent, and hence having reliable spatial predictions

of species density is a key prerequisite for mapping ES in marine environments. Téfe aim
this study was to create spatial predictions of the occurrence and density of two infaunal
bivalvesin Tauranga Harbour (New Zealand). Species Distribution Models (SDMs) were used
to study the links between the environmental conditions under whispéoges can be present

and in what densities, derived from estuatige surveys. These models are then used to predict
occurrence and density at unsampled locations by interpolating thesodtle available
environmental data throughout the estuary.nip approach, | focus oAustrovenusand
Paphies which have contrasting habitat associations, to show the importance of density
predictions over those using occurrence alone, and determine uncertainty in model predictions

to inform spatial management.
1.2.4 Chepter 5

This chapter focussed on the spatial distribution of services across an estuary, by semi
guantitative modelling of ES, using anosystem principles approaPA). Insufficient data

are available to confidently quantify ES in marine environmentg] acosystem function
guantification from field studies are often context specific and cannot always be scaled up
beyond the relatively small scale of the study. My aim was to provide insight in the locations
of relatively high service delivery instead acaimpare areas of interest and interactions for



four ES: provision of food, water quality regulation, nutrient removal, and sediment
stabilisation, thereby demonstrating a way of scaling up ecological findings to ES without using
time consuming, data intsive numerical modelling. Many underpinning processes and
ecosystem functions are density dependent and vary with environmental variables. Services
were therefore mapped using the shellfish density maps generated in Chapter 4, and by deriving
generalised pnciples that link ecological mechanisms to density and environmental variables
(based on findings in Chapter 2 and 3). Spatial analyses were conducted to assess patterns in
individual service supply areas, followed by hotspot analysis to assess overlamgruence
between multiple services. Furthermore, | discussed the effect of species habitat association on
heterogeneity in ES provision at a scale appropriate for local management. This furthered our
knowledge on spatial interactions between multg#evices and contributed in identifg

areas of interest for marine spatial management.

Each research chapter contributed to the overall aim of assessing how ecological mechanisms
could be applied to further our knowledge of interacting ES in-stzdieceenvironments.
Different assessment types (e.g. conceptual, quantitative, and spatial assessments) were applied
to determine the versatility of ecological mechanisms as a tool for ES assessments and the
variety of information that can be gainédthough diferent in their approach, the overlapping
concepts and focus species (marine bivalves) ofthéiesin this thesis link theesearch
chapters togetheiF{gure 1.1). Chapter 2 and 3 both focussed on applying the known links
between processes and functions to assess ES. Similarly, these mechanisms were at the core of
both conceptual bundle formation in Chapter 2, as well as the ecological principles identified

in Chaper 5 (see also Appendix 4). Ecological processes and functions are known to be density
dependent (Chapter 3 and 4) and vary based on environmental characteristics and context
(Chapter 4 and 5) thereby resulting in spatial heterogeneity of &3%. éhaptecontributed

insights to improved coastal management (E&MMSP) through the ES framewqnkhich

is at the core of my thesikigurel.1).
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Conceptual assessment

Chapter 2
ES bundle identification from
ecological mechanisms

Ecological Assess ES
principles through processes
underpin ES and functions
Chapter 5 Chapter 3
Mapping of individual In situ EF and ES
EBM & MSP quantification in

and combined ES and

their co-occurrence mtertidal and subtidal

habitats
Spatial ES Density
assessments dependence of
& Context EF & ES
. Chapter 4
Spatial Species distribution modelling: Quantitative
assessments predicting probability of assessment

occurrence and density

Figure 1.1 Venn diagram of the connections between research chapters focussed on the assessments of
ecosystem services (ES) through processes and ecosystem functions (EF). At the core of all research
chapters lieshteir implications for ecosystetvased management (EBM) and marine spatial planning

(MSP) in coastal ecosystems.
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CHAPTER 2
Ecologicalmechanismsunderpinning ecosystem
service bundlesin marine environments 1 a case

study for shellfish

2.1 Introduction

Ecosystem services (ES) are a means of linking the natural environment to various benefits that
humans are able to extract, utilize or experiefizaly 1997, MEA 2005, De Groot et al.
2010b) This explicit recognition can facilitate improved environmental resource management.
To implement this concept, it is important to understhod/ the structure, processes and
functions of ecosystems relate to the generation of different sefWtiger and Burkhard

2007, De Groot et al. 2010b, Quintessence 2016, Culhane et al. Zh&8¢ relationships are
numerous and complex and do not necessarily show &oenree correspadence, as
exemplified bySnelgrove et al. (2014yho showed the multiple, compldinkages between
biodiversity, processes, functions and services for seafloor environments. On top of this
complexity, processes span multiple spatial and temporal scales, which affectwiane,

and how services are deliver@affaelli and White 2013)Bennett et al. (2009 rovided a
typology for ecosystem services relationships, including the impact of drivers on multiple
ecoystem services as well as the level of interactions, thereby demonstrating the need to study
multiple, rather than individual services. Hencmderstanding the relationships between
services (effectively their intetependence and collinearity) has beenvpn important
(Bennett et al. 2009, Lester et al. 2013, Howe et al. 2@ddyesulted in the development of

the ES bundles concefRaudsepgHearne et al. 2010Ecosystem services bundles, defined

as fsets of associated services that appear
(RaudsepfHearne et al. 2010allow the assessments of tramfés and synergies among

services in complex and changingvgonments.

Most work to date on ES bundles has focused on terrestrial environments, using cluster
methods to identify spatial patterns in service deli&gudsepgHearne et al. 2010, Turner

et al. 2014, Queiroz et al. 201%)lowever, marine, and especially estuarine and coastal
environments, provide ecosystem services that need to be strategically managed to ensure
sustainable usg@Barbier et al. 2011)Studies in the marine environment are fewer than those
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of terrestrial systems as a result ddta scarcity, and complications arising from system
complexity and connectivity, spatial scales and context, and-thménhsional use of these
environmentgGuerry et al. 2012, Townsend et al. 201Byen though the importance of
understanding links between biodiversity, ecosystem function and service delivery is
emphasizedKremen 2005, Haine¥oung and Potschin 2010, Nagendra et al. 20f8y
studies have been able to incorporateithisS identification and quantification. In terrestrial
systems, functional traits of plants have been used as a way of including ecological mechanisms
in determining ecosystem service delivédye Bello et al. 2010, Lavorel et al. 2011, Lavorel
and Grigulis2012, Lamarque et al. 2014)Vhile research in the marinenaronment has
focused on the links between biodiversity and ecosystem func{olan et al. 2006,
Stachowicz et al. 2007, Gamfeldt et al. 201i5ks to ES and especially bundles of services in

this environment remain unclear.

The idea of bundles of servicegether or not ecologically underpinned, is useful for resource
managers, policy makers, communities and as an interdisciplinary tool helping stakeholders
understand the value of multiple services. Work on individual and multiple ecosystem services
in themarine environment can be used to inform Ecosystem Based Management (EBM) and
Marine Spatial Planning (MSRMcLeod andLeslie 2009, Granek et al. 2010, Lester et al.
2013) Application of the ES bundle approach and understanding the underpinning ecology can
facilitate sustaindb management of resources, a key aspect of current and future marine
management to ensure the continuation of the services they p(détdnezHarms and
Balvanera 2012)It will also contribute to conservation of biodiversity and ecosystem
resilience to prevent tipping points in ES provis{@®nnett et al. 2009, Maes et al. 2012b)
Loss of ecosystem services has bedreyamotivation for ecological restoration of degraded
habitats(Bullock et al. 2011)For example, shellfish beds and reefs have degraded globally
(Beck et al. 2011)which has resulted in negative impacts on environmental {&atibowski

and Peterson 200@ndrecovering lost ecosystem services has motivated shellfish restoration
efforts (Coen and Luckenbach 2000, Cerco and Noel 2007, Coen et al. 2007, Schulte et al.
2009, Beck et al. 2011%hellfish provide a number of ecosystem services beyond the provision
of food, including regulating services like water quality regulation, and sediment or shoreline
stabilization, as well as a number of habitat and supporting services, such as habitat provision
and increasing biodiversitfFigure2.1) (Grabowski et al. 2012, van der Schatte Oliviealet

2020) Thousands of ecological studies wewlitle provide insight in the structuaad
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Figure 2.1 Examples of ecosystem services provided by shellfish; (A) recreational gathering of shellfish
for food [NZ Story], (B) musselRerna canaliculasaquaculture [Chris Woods], (C) habitat provision

by horse musselAfrina zelamdica) beds [Simon Thrush], (D) infaunal shellfisustrovenus
stutchburyj Macomona liliana as a food source for stingrays on the intertidal sandflat [Helen
Cadwallader] (E) sediment and shoreline stabilisation by artificial oyStesgostrea giggsreefs
[NIOZ, EcoShape] and (F) water clarity improvements and contaminant removal through filter feeding,
comparing aquaria with (right) and without (left) shellfistugtrovenus stutchbudyiVera Rullens].
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processes created and altered by shellfihwever, the multitude of services they provide
have not been explicitly linked back to these linkages in underlying functions and processes,

nor have interactions between services been studied.

The aim of the current study was to review the ecologmathanisms that underpin service
delivery to determine ES bundles, applied to shellfish dominated systems as a case study.
Shellfishrassociated processes and functions were then linked to ES to investigate the potential
for complex interactions. The rolé shellfish in estuarine and coastal environments, and how
they affect ecosystem functions, has been studied extensively, although our understanding of
how services are generated and what drivers or stressors might affect them remains
unconsolidated. Thisvork will enable investigations of the interactions between services,
including the potential for tradeoffs and synergies within and between bundles. This provides
an example of a different approach identifying ES bundles in-spsese (marine)
environmeis and could be applied to other habitats or key species where sufficient ecological
knowledge is available to elucidate these linkages and relationships. The approach is novel as
it shifts towards a focus on ecological processes driving services supply;avides a format

useful for ecologists, managers and other stakeholders to translate and generalize ecological

knowledge into the ecosystem services framework.

2.2 Methods

2.2.1 Scope of review

To explore the complex linkages and interactions between processes, functions and services, a
literature review was conducted to extract the current ecological knowledge on the mechanisms
that underpin shellfish service delivery. The aim of this review amaghe highetevel
ecological mechanisms, with a focus on wailderstood, generalizable concepts, and on
elucidating the key linkages in service generation. Although there are thousands-of peer
reviewed ecological publications that focus on shellfish, limited our review to studies
specifically targeting ecosystem functions and serviteshis study, shellfish habitats are
defined as a location where shellfish dominate the benthic biomass, and function as ecosystem
engineers(sensuJones et al. 1994 Both epifaunal refs and infaunal shellfish beds are
therefore considered, as both can significantly createlify, and maintain habitats, thereby
changing the physical state of the environment, controlling the availability of resources to other

species, and affecting tleeosystem functioning of the system at a scale larger than the habitat
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itself (Jones et al. 1994, Gutiérrez et al. 2003, Bouma et al. 2008]dition to natural habitats
(reefs and beds), studies that focused on highly modified (aquaculture) settings were also

included within this review.
2.2.2 Literature review details

This researh was based on findings reported in 146 peelewed papers. Papers were derived

from a literature search in ISI Web of Science database (December 2017), using combinations

of search terms applied to title, themes, and abstracts. The search termsclsdetl in
combinations of either AEcosystem serviceo
shell fish, . e. AShel |l fisho, ABi val veo, nCl
criteria, which were then screened for relevance based orab8&act and/or paper content.

Papers were excluded if they were not specific to marine shellfish, did not focus on the links
between shellfish and processes that affect functions or service delivery, or were not focused

on current studies in estuarineamastal habitats (i.e. excluding for example padeological

studies, or studies in degpa or polar environments).

The resulting 146 papers were reviewed to extract general information on study type (e.qg.
experimental, observational, review) and pdevan overview of what was studied, where and

when, the species and environment studied. Specific emphasis was placed on the species type,
categorized for O6éepifaunal suspension feeder
feedersdrandenbeamodébivalvesd i f not further
distinct groups as they affect ecosystem functioning differently, driven by their feeding
mechanisms (suspension vs. deposit) and position in or on the sediment (infaunalwsalepifa
respectively). The list of presented services was not specified prior to the review but was guided

by the Iiterature to ensure all those discus
services that can be directly utiliz@éisheretal. 2009) but al so a number o
(or supporting) services that contribute to maintainingegiel functioning and resilience of

coastal systems, which were included to maintain the nuances found in the reviewed literature.
Services indirectly provied by other species or habitats that flow on from the supporting
services provided by shellfish were beyond the scope of this paper. This resulted in the
inclusion of two provisioning services, five regulating services, and five habitat & supporting
servies (Table 2.1). To allow comparison with more generalized frameworks, the TEEB
classification categorig®e Groot et al. 2010kgre included inTable 2.1 for these services.

Cultural services were excluded as they are more subjective and context specific, and are
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Table 2.1 Overview of the ecosystem services found in the reviewed literature as function oé servi
category. The ecosystem services are aligned to the TEEB categor{zai@root et al. 2010kp
enable comparison with a more general framework.

Category Ecosystem service TEEB category
. . Provision of food Provision of food
Provisioning services — . — -
Provision of material Provision of rawmaterials
Water quality regulation Wastewater treatment

Nutrient removal

(Carbon sequestration and
Pollutant removal

Regulating services storage)
Pathogen removal Biological control
Sediment stabilization Erosion prevention
Shorelinestabilization Moderation of extreme events
Habitat provision
. .| Biodiversity
Habitat and supporting . . . : .
. Sediment biogeochemistry | Habitat for species
services :
alterations

Foodweb structure

strongly underpinned by social variables, lidentity, country of origin, ethnicity, religion,
and income leve{Stephenson 2008, Dickinson and Hobbs 20father than the ecological

processes and functions that tfégiew targeted.

The main focus of the review was to establish the links between prockssgmns,and
services, which were documented for each paper in the review. Most papers discussed only one
ecosystem function or service; hence they were docuch@st@ne input that described the
identified link between proceganction-service. A number of studies discussed multiple
services and links with processes and functions that needed to be summarized. When studies
discussed multiple services resulting frttta same underpinning processes and functions, their
input was as one, while if they were underpinned by different processes, they were treated
separately. For example, if a paper included information on how filter feeding affects both the
services of wadr quality regulation, and nutrient cycling/removal, this was considered one
input. However, if they studied two services that were underpinned by different processes, like
growth underpinning food provision, and filter feeding underpinning water quegitytation,

these were considered as two separate inputs from the same paper. Furthermore, for each paper,
the main driver or stressor was noted as well as their impact on service delivery (positive,

negative, or neutral) with further explanations.
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2.2.3 Bundleidentification, cascades, and interactions

The links identified between processes, functiansl servicesAppendix J formed the basis

for bundle identification. Linkages were quantified per service in terms of the number of papers
discussing a specifimk (Table Al). Links were included if described in three or more papers

and if they were well established and understood. If the same linkage was found for more than
one service, these services were grouped together to form the initial bundles. Once grouped,
all includedlinkages were examined for similarities in their effects on the services and the
services within each group for their-oocurrence to form the four final bundles. Each service
was only categorized for one bundle, but underpinning processes or funciiddse used

more than once, due to the ecological complexity of the system and key processes provided by
shellfish. Overlapping processes and/or functions were therefore allowed, if their effects on
service delivery differed, for example, biological vhysical effects. Each of the identified
bundles contained two to four services and were underpinned by key processes and functions.
To provide more detail about the ecological mechanisms behind each of the bundles, the
underpinning processes and functisrere mapped and simplified to represent the main links
from the literature to the provisioning of the services in cascade diagrams. In the section on
OES bundles for shell fishd bel ow, the four

explanation and exagofes of the mechanisms generating them.

Even when services are bundled, they are not completely independent, as interactions i.e.
synergies and traee f f s |, bet ween bundles are stildl po
situation where the use ofoneESdect | y i ncreases the benefit s
while tradeof f s are defined as fAa situation where
benefi ts s uplurkelbabm & §l. 2@L5) ostbket of the data was used to study

these interactions, by including those that look at multiple services from different bundles,
which could be underpinned by the same process and function, in which case they are
conside ed as o6interactionsdéd, or those that were
cases, a service was mentioned as a driver or stressor of another service, in which case they
were also included in the subset looking at interactions. For exantgplecwdture was
considered as the main driver or stressor of the delivery of other services, whilst not discussing

the provisioning benefits generated by aquaculture itself.
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2.3 ES bundles for shellfish

2.3.1 Ecosystem services bundles

From the obtained linkages the literature review, four bundles of services are identified for
shellfish Figure2.2) based on 21 key linkageBable Al). The first bundleMarine resources
contains all services related to the provision of goods, including food and shell material. In
total, infomation from 25 papers included in this bundle, mainly with a focus on the
provision of food (24 papers total) from either natural environments (11 papers) or artificially
through aquaculture (13 papers). The second bu@diastal health and qualityncludes the
effects of shellfish on water quality regulation and the removal of contaminants from the water,
including nutrients, pollutants and pathogens. Data from 51 papers supports the linkages for
this bundle, with the majority of papers focusing atev quality regulation (27 papers) and/or
nutrient cycling/removal (25 papers), while less emphasis is placed on removal of other
pollutants (9 papers) and pathogens (4 papers)Hab&at modificationbundle includes the
physical effects shellfish hawa the environment, through their roleea®system engineers,

Marine resources “ " Coastal health

& quality

Provision of food Water quality regulation
Provision of material | e Nutrient removal
- A Pollutant removal

S Pathogen removal
,l \\ \ J
) R )

. | Interactions |

« S

Habitat / 3 Biological

modification . structuring

Sediment stabilisation Foodweb structure

Shoreline stabilisation Biodiversity

Sediment biogeochemistry Habitat provision
alterations

Figure 2.2 Bundles of ecosystem services provided by shellfish. Each box contains the services grouped
for the respective bundle&rrows between bundles in the center of the figure indicate the interactions
between bundles either as synergies (bladkireictional arrows) or tradeffs (dashed ondirectional
arrows).
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as discussed in 44 papers. This includes their effestamilizing shorelines (6 papers) and
sediments (7 papers), and their effect on altering sedimegeochemistry (25 papers). The

final bundleBiological structuring includes the services by which shellfish have biological
effects on the environment bygporting other species and communities. This is based on data
from 54 papers, that demonstrate shellfish providing habitat (22 papers), altering biodiversity
(26 papers) and food web structure (19 papers), which results in and contributes to the intrinsic

value and resilience of the system.
2.3.2 Linkages cascades per bundle

Marine resources

The Marine resourceshundle is underpinned by three main processes: shellfish survival,
growth, and recruitment, which determine the amount of biomass generated in the system that
can be harvestedrigure2.3). In the review, 15 papers described the contribution of biomass
production to the delivery of goods. Food provision (i.e. the production of edible shellfish
biomass) is strongly dependent on the biomass produced stesrsgnd the production yield

in a region. Biomass can be harvested through commercial or recreational collection of natural
populations, or from artificial (aquaculture) -ggts specifically aimed to grow shellfish as a
food source. Aquaculture examplese adiscussed where shellfish are viewed as being
increasingly important for the production of proteins and thereby as an alternative for
exploiting natural resourcé&luger et al. 2017)resulting in benefits to local economies and
employment(Ferreira and Bricker 2016)in some cases, invasive species asedufor
aguaculturéRuesirk et al. 2006, Humphreys et al. 201®here the annual yield generated by
these species can exceed the historical landing of native s(fRaesnk et al. 2006).imited
information was available in the review on the provision of material, except for some papers
discussing shell formatiotghell formation and calcification were discussed in relation to the
impact of ocean acidification and thermal stress, which have a negative impact on shell growth
and thicknesg¢Hiebenthal et al. 2013, Lacodw@barthe et al. 2016jhat notonly affects the
provision of materials but could also impact bivalve fisheries revegiMashall et al. 2017)
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Processes

Survival Growth Recruitment

6) (1) (
Functions \ v /

Biomass production

3)

Services 4 0
Provision of material Provision of food
(1) (24)

Figure 2.3 Simplified cascade showing the links between processes, functions and services in the
Marine resourcedundle. The number of papers discussing a service is indicated in brackets within the
service box, while the number ofrtés links between processes and functions were discussed is
indicated in brackets next to the arrows.

The effect of growth was discussed 11 times as the underpinning process for this bundle, where
growth rates of shellfish determine how much biomass nergéed over time, with higher
growth rates resulting in higher service delivery. Growth rates are dependent on environmental
variables and can vary tempora{lyi et al. 2012)and spatially, as is shown for mussels along

the Swedish coagBergstrom et al. 2015)here models and empirical studies were used to
spatially determine growth rates overtvao-month timeframe. Survival (or mortality) of
shellfish affects the amount of biomass available, as discussed in six reviewed papers, where
high survival rates redtih greater service delivery. Stressors generally have a negative impact
on survival rates. For example, emergence of infaunal shellfish from the sediment when
stressed by macroalgal blooms or hypoxia, and physical distress from high temperatures can
alter mortality rategLewis and DeWitt 2017Disease outbreakgVilkie et al. 2013xan affect

survival rates of farmed and wild shellfish populatidng, also could make them unsafe for
harvest and human consumption, thereby resulting in a loss of value. Finally, recruitment of
juveniles affects biomass production, particularly in restoration dMassden and Adkins

2010) The methods used for harvesting can also affect recruitment, Wigpeint et al. (2016)

show that hand raking, a method of recreational harvestihdhited primary recruitment,

whereas aquaculture promoted primary recruitment intensity.
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Coastal health and quality

The key process underpinning tlmastal health and qualitybundle is filter feeding by
shellfish, as discussed in 38 out of 51 papershis bundle. Through filter feeding, shellfish

act as biofilters, removing suspended particles from the water column, thereby affecting all
services in this bundle={gure 2.4). Water quality regulation is the service most frequently
discussed in the scientific literature (27 times), with a strong focus on epHsuspdnsion
feeders (e.g. oyster and mussel redg)removing phytoplankton and suspended sediments
from the water column, filtration improves water clarity by reducing turbidity and increasing
light penetration. This, together with the effect shellfish have on the exchange of biomass,
energy, or nutriets between the sediment and water column, i.e. beptiagic coupling,
results in the service of water quality regulation. Filtration rates are size and density dependent,
and depend on a number of variables including phytoplankton, organic mattertar ses
concentrations(MacDonald and Ward 2009, Galimany et al. 20]17Aemperature(Zu
Ermgassen et al. 2013ajissolved oxygen, and turbulenggi et al. 2012) A number of
studies hag focused on the effect of oyster reef declines and restoration effort on filtration

rates. For example, an 80% decline in filtering capacity was found when comparing past and

Processes
Biodeposition Filter feeding | Bioturbation
Functions P r : :
P | Water column filtration ‘ :
AN
v L4 v v
. o . Water clarity Benthic-pelagic Sediment
Bioassimilation & burial ) ) T
| improvement coupling denitrification
C
() (6) (6) (14) 9] ®)
SeerceS Y h 4 A 4 A Y Y h 4
Removal of Removal of Water quality Nutrient cycling &
pollutants (9) pathogens (4) regulation (27) removal (25)

Figure 2.4 Simplified cascade showing the links between processes, functions and services in the
Coastal health and qualityundle. The number of papers discussing a service is indicated in brackets
within the service box, while the mber of times links between processes and functions were discussed
is indicated in brackets next to the arrows. Dashed lines indicate links that are inferred from expert
knowledge.
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presentsituations in Chesapeake B@u Ermgassen et al. 2013imd restoration of reefs can
help regain lost servicé€oen and Luckenbach 2000, Grizzle et al. 2008, Baggett et al. 2015,
Milbrandt et al. 2015)Filtration rates for invasive versus native species were compared, where
invasive mussels were more efficient than native speciettapied similar niche space
(Galimany et al. 2017dhereby outcompeting the(Ruesink et al. 2006)

Benthicpelagic coupling drives both water quality regulation, as well as nutrient cycling and
removal. Shellfish contribute to bentipelagic coupling through filter feeding, by moving
particles from the wateiotumn to the sediment as biodepogitent et al. 2017agndcanalter
pelagic community structure and trophic interactions in the sy&belova et al. 2006, Sunda

et al. 2006, Filgueira et al. 201®iodeposition by both suspension and deposit feeders also
increases sedimentation @atand modifies the physical, chemical, and bacterial composition
properties of settling particlg&arlson et al. 2010, Kanaya 2014lfering rates nutrient
cycling (including denitrification) and buriéCerco 2015, Kent et al. 20178)odifications in

the physicechemical benthic environments, through for example bioturbation, can affect the
cycling and removal of nutrients by affecting ammonia fluxes at the sediment water interface
(Thrush et al. 2006, Jones et al. 2011a, Filgueira et al. 2016, Lohrer et al. &il6)
denitrification in the sediment that removes-biailable nitrogen from the system to the
atmospheré¢Kellogg et al. 2013, Cerco 2015, Welsh et al. 20M&itrient cycling and removal

is also affected by bioassimilation of nutrients in tissue and burial of organic matter, as well as
nutrientexcretion by shellfish. A number of studies quantify nutrient removal from the system
through assimilation in tissue or shell and often in relation to aquaculture sé8efgsstiano

et al. 2015, Galimany et al. 2017&utrophication can have direct negative impacts on
estuarine ecosystems through phytoplankton blooms, as well as indirect effects on
denitrification, some of which could be mitigated by bivalve filter feedihgough
phytoplankton biomass control and should be considered in management dé€isrosisa

and Bricker 2016)

The removal of pollutants and pathogens from jfstesn is also linked to bioassimilation and
burial (Figure2.4). Bivalves can act as a filter for bacteria and contaminants thereby removing
them from the systenVolety et al. 2014, Broszeit et al. 201&)nce ingested, toxins or
bacteria can either bessimilated in tissue or discarded in biodeposits that are buried in the
sedimentBurge et al. (2016)eviewed the role of filter feeders on pathogen removal through
augmentation and reduction, with emphasis on the role of bivalves. Their findings suggested

that the effects of filter feeding on pathogen transmission and disease risk can be either positive
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or negative depending on the bivalve and pathogen specific selectivity or mechanisms.
Pathogens can be removed from the system by degradation and relebgsteposits. If
pathogens are able to resist degradation and are bioassimilated, this can pose a threat to humans
and wildlife upon ingestion through biomagnification. Bivalves can remove a number of
pollutants from the system by bioremediation of wasfBsoszeit et al. 2016)and
biotransformation of contaminants that alter their bioavailab{Mpntes et al. 2012)As a

result of the bioassimilation in tissue, shellfish are often considered as bioindicators of toxins
in estuarine habitaf€hapman et al. 2013, Burge et al. 20X&rbon sequestration is a form

of pollution removal occurring on a much longer tempscale buts underpinned by the same
processes and functions of bioassimilation and burial. A couple of examples were found in the
literature showing how shellfish can contribute to carbon removal through (ieialo 2015)

or through carbon sequestration in shéllalmage and Gobler 2010, Volety et al. 2014)

Habitat modification

Habitat modification is linked to the role of shellfish as ecosystem engineers, where they
modify habitat by interacting with the physical environment around tRégmre2.5). Infaunal
shellfish interact with their environment mostly by bioturbation, thereby reworking the
sediment (supported by 9 papers), whereas epifaunal shellfish do so by reef formation
(supported by 6 papers). Sediment reworking by infauhallfsh drives a number of
ecosystem functions and the resulting services of sediment biogeochemistry alterations and
sediment stabilization (as discussed in 24 and 7 papers respectively). Shellfish alter sediment
biogeochemistry through the burial of argc matter to depttMaire et al. 2006, Sousa et al.
2009, Kanaya 2014)ause changes in benthic metabolism and nutrient fluxes between the
sedimemwater interface in soft sedimehabitats(Rossi et al. 2008, Sandwell et al. 2009,
Lohrer et al. 2010, Lohrer et al. 2012, Norkko et al. 2013, Premo and Tyler , 28 @)ll as
changes in the Redox Potential Discontinuity Layer déptlare et al. 2016) Sedimat
biogeochemistry alterations are affected by key species compdsfticimaud et al. 2009nd

density (Sandwell et al. 2009, Clare et al. 2016, Sospedra et al. ,2pdef)ator presence
affecting hurrowing behavioutMaire et al. 2010andfeeding behaviour or the availability of

food (Maire et al. 2006, Karlson et al. 2010his supporting service is important in soft
sediment habitats as it affects productivity and overall condition of the satassusceptible

to a number of physical stressors. Terrestrial sediment depoaitoople of mm can have a
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Figure 2.5 Simplified cascade showing the links between processes, functions and services in the
Habitat modificatiorbundle. The number of papers discussing a service is indicated in brackets within
the service box, while the number of times links between procassefiinctions were discussed is
indicated in brackets next to the arrows.

significant effect on this servic@Pratt et al. 2014a)as not only will the deposition alter
physical properties of the sedimdmiit has also been shown to cause subtle changes in
behaviour of adults and juvenile shellfigfohaia et al. 2014, McCartain et al. 201Similarly,
smothering or hypoxia can greatly impair the benthic communities, and in particular shellfish,
and their ability to contribute to sediment oxygen and nutrient fl(Ressi et al. 2008, Lohrer

et al. 2010, Villnas et al. 2012)

Through sediment reworking, the sediment erosion potential is altered by changeshiachear
flow dynamics, sedimentary properties (e.g. grain size distribution, microbial activity) and
bottom roughneséSousaet al. 2009) The effect shellfish have can be either stabilizing or
destabilizing, depending on a number of factors, including densities, size distrilpaion

scale, etcEriksson et al. (20103how that the effect on sediment stability can be species
dependent, where they found a stabilizing effect at high densities of oysters, mussels and
cockles in a pralisturbed scenario, whereas deposit feeders (lugworms) resulted iresedim
destabilization in a human disturbed scenario. Similatéyris et al. (2015)ound differences
between juvenile and addMacomona liliana(deposit feeding shellfish), where adults had a
stabilizing efect on the sediment, compared to juveniles, indicating a shift in species
functioning. Through biodeposition and mucus production, sediment erosion potential can also

be reducedDonadi et & 2013) as discussed in three papers. Six papers look into the effects
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epifaunal bivalves have on shoreline stabilization by reef formation, thereby creating biogenic
habitat(Brumbaugh and Coen 200&)d form natural breakwaters and reduce wave attenuation.
Oysters can be used as living shorelines to improve shoreline protection by reef restoration
efforts (Baggett et al. 2015)r through creating artificial breakwaters from oyster shell bags.
These breakwaters have been shown to provide similar shoreline stabilizing services, but also
create more habitat for other species, comparecher attificial breakwateréScyphers et al.

2015)

Biological structuring

Shellfish provide a number of supporting services by biological structuring in estuarine and
coastal habitat¢Figure 2.6). By supporting and altering species and communities, these
services contribute to the intrinsic value of the system and make them more resilient to change.
Both infaunal and epifaunal shedlfi contribute to habitat alterations and have been shown to
be habitat providers, as discussed in 22 papers. Most of this service is attributed to epifaunal
shellfish that alter and provide habitat through the formation of reefs (15 papers). Reefs can
resut in the creation of refuge, feeding, or nursing habii@isidetti and Boero 2004, Coen et

al. 2007, Volety et al. 2014Dpinesen and Morton (201dgscrite the habitat provided by horse
mussel reefs, that create 3 layers of habitat, with the first layer residing on the shell debris, the
second layer for mobile megafauna and the third layer for mobile or sedentary macrofauna that
live in the crevices. Reeferm refuge areas from predation for other bivalg@taspie and

Seitz 2017pr benthic macroinvertebrate spediglicheli and Peterson 1998ihd juvenile fish.

An important indirect service resulting from nursery ageding habitat provided by shellfish

is increased secondary production of higher tropic levels, such as fishes anorabst al.

2007, Volety et al. 2014}hat if harvested, indirectly result in increased food provigf@nt

et al. 2017h) Infaunal shellfish also alteand provide habitat (as discussed in four papers)
through creating colonizable substrate from shésusa et al. 2009and by sediment
reworking. An example of the latter is the work (@ueiros et al. 2011showing that the
invasive Manila clams can modify the functioning of the invaded system through their effect
on sediment reworking by bioturbation. Thereby they can provide variability in habitat
characteristics and community compositidhese effects can be context dependent, as they
can be mediated by structuring vegetation, or sediment granulometry and comusinos

et al. 2011)
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As discussed in 11 papers in the review, habitat alterawescrucial for increasing
biodiversity(Coen and Luckenbach 2000, Volety et al. 2014, Kasoar et al, @ittfhan et al.

2016, Kent et al. 2017byhellfish have been shown to have positive effects on biodiversity in
the system, by altering both macrofauna and microbial communities. A number of papers (nine)
have shown the link between shellfish and community compositi@nations in general,
showing changes in community assemblgéésger et al. 2016)species richness, abundance
and biomasgQuan et al. 2012, van der Zee et al. 20The majority of the papers focused on

the changes in macrofauna (invertebrate) or meiofauna communities or fish population
dynamics(Boldina et al. 2014, Winberg and Davis 2014, Van Colen et al. 20bgYye are

some examples of how shellfish affect microbial communities also, for exaDgg, et al.
(2015)show that the presence of ark shells resulted in higher archaea diversity in intertidal
sediments, andiu et al. (2009)show that clam culiring systems have an effect on both
microbial and macrobenthos biomass and diversity. Stressors can have negative effects on
community composition and biodiversity, as is shown for anoxia effRutslel et al. 2014)

and extreme flooding iaeutrophication recovery si{€ardoso et al. 2008)

Processes
Filter feeding | | Shell & bed formation | Bioturbation
(15) (4)
Functions r \ 4
| Biogenic habitat | ‘ Sediment reworking |
i : 1
Trophic Carbon and Community composition| _ )
. : ¥ . “12) Habitat alteration
interacitons energy transfer alterations (
(7) (8) (9)
Services v v ¥ v
Foodweb structure Biodiversity Habitat provision
(19) (26) (22)

Figure 2.6 Simplified cascade showing the links between processes, functions and services in the
Biological structuringoundle. The number of papers discussing a service is indicated in brackets within
the service box, while the number of times links between processes and functions were discussed is
indicated in brackets next to the arrows. Dashed lines indicate linkarthanferred from expert
knowledge.
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Foodweb structure is affected by trophic interactions in the system and the transfer of carbon
and energy from primary producers to higher trophic levels. Bivalves are primary consumers
and form an important link betwee primary producers (either phytoplankton or
microphytobenthos) and higher trophic lev@fsnagre et al. 2015)as they are an important

food source for shorebird€aldow et al. 2007)fish and rays, thereby transfer carbon and
energy up the foodweb. There are two possible pathways, benthic or pelagic trophic
interactions, which can be determined using stable isotopeChatatianen et al. (201 7pund

that microphytobenthos was theim food source fotimecola(Macoma balthica(a deposi
feeder), while suspensideeding cockles had a pelagic food source. Shellfish can have
significant impacts on the phytoplankton dynamics through their feeding, which can be affected
by hydrodynamis, immersion time, and shellfish densfyrangere et al. 2010)mportant

also is the transfer of energy to benthic communities by organic matter deposition that can fuel
microbial communitiegFranzo et al. 2016)Non-consumptive interactions can also cause
changes in foodweb dynamics, like mortality eveghtsng et al. 2014, Jones et al. 208)
predation(Barios-O'Neill et al. 2017)

2.4 Interactions

Even though services are bundled, there are still likely interactions between services across
bundles which must be considered in their utilization and management. In the review, 37 papers
considered interactions and 17 papers discussed multiple serWoégrstanding the
interactions between services is key, which can manifest as eithetoffad® synergies
(Figure2.2) and are highly relevant for cstal management.

2.4.1 Tradeoffs

Tradeoffs are often found between provisioning and regulating/supporting or cultural services.
In our study, this relates to the marine resources bundle, where nine papers looked at multiple
services or interactions and an #ddal 12 papers included either aquaculture or
fishing/harvesting as a driver or stressor of other services. The harvesting of biomass for either
food or material will result in the loss of other services as shellfish are removed from the system.
Furthemore, shellfish harvesting methods can have negative impacts on the delivery of other
services. AsToupoint et al. (2016Jlemonstrated, recreational fishing can reduce primary
recruitment itensity and fisheries can negatively affect biodiversity and foodweb structure
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through the effect on habitat provision. For example, a loss of nursery habitat on rocky reefs
can affect fish population dynamics, through the dismantling of rocky substrdééeijussel
fisheries, thereby creating barreGuidetti and Boero 2004Wwhile clam digging can alter
nematode and copepods aggregated in spatial stru(Balesna et al. 2014)We trade off the
benefits generated for food and the economic value to the delivery of other services in natural
systems, so weeed to consider what is lost if shellfish disappear or become functionally

extinct.

Aquaculture differs from the provision of food, as the active growing of shellfish for food will
result in a different mixture blend and differing levels of service prori Aquaculture is

linked to services in th€oastalhealth and qualitypundle (discussed in six papers), as their
presence in the system will result in water filtration and removing particles, thereby positively
contributing to the delivery of the seces in this bundléGrant et al. 2007)For example,
Ruesink et al. (2006&)iscuss the use of invasive species for aquaculture, therebyatag

food that exceeds the yield from historic landings and at the same time contributing to water
quality regulation through filtration. Nutrient cycling and removal is affected by aquaculture
through excretior(Filgueira et al. 2016and the cycling and removal of nutrients from the
system(Saurel et al. 2014)Shellfish from aquaculture can contribute to the mitigation of
eutrophication sympims by removing excess nitrogédebastiano et al. 2015, Ferreira and
Bricker 2016) However, these services vary depending on the age and biomass structure of the
farmed population, and are only provided when the shellfish are present, and disappear when

harvested.

Aquaculture is discussed (seven times) in the context of impacts on habitat provision and
biodiversity. By creating new habitat, aquaculture settings can have positive impacts on
biodiversity, as compared to open mudflats, with more divergeetbiic organismgRuesink

et al. 2006)as well as microbial communiti¢lsiu et al. 2009) However, other examples exist
describing negative effect of aquaculture on biodive(Bigndell 2014,)with a drop in prinary
producers and consumers in a 4@@&r scenario, resulting in a loss of resiliefi€eiger et al.

2017) Another potential downside is that aquaculture may provide habitat or structure for
undesirable invasive species or bidiog (Bendell 2014) Additional tradeoffs may arise

from indirect services that flow on from supporting services. For example, food provision can
be increased indirectly through secondary production of harvested fish and crab (¥festies

et al. 2017h This is often a primaryriver for shellfish restoration projects, but design

considerations can contribute to tramfés with other services, particularly in théabitat
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modificationbundle and water quality outcomes. Habitat provision from complex 3D reefs
favor juvenile fish ad invertebrate speci¢€oen et al. 2007gompared to shellfish beds and
aggregations that allow for high shellfish densities. However, the exact degree in which habitat
provision contributes to secondary production and resulting-tHisievill be dependent on the
species pmrsent and the shapes or topography of the 3D structure and can vary geographically
(Dinesen and Morton 2014)

2.4.2 Synergies

Synergies exist also, where the delivery of services enhances each other. For example, there is
a strong link between sediment biogeochemistry alterations and nutrient cycling and removal
(discussed in 17 papers). One of the key aspects related to sediogguchemistry is the
exchange of nutrients across the sedinvestter interface, as caused by sediment reworking.

In soft sediment habitats, bioturbation by macrofauna enhances the release of ammonium from
the sediment and oxygenates the sedir{fRassi et al. 2008, Lohrer et al. 2010, Wrede et al.
2017) A number of studies have looked at the effect of shellfish on nutrient exchange between
the sediment and wateolumn andncluded the effecof bivalve densitiegSandwell et al.

2009, Lohrer et al. 201&ospedra et al. 201, 9r the effect of large adults by removing them
(Thrush et al. 2006, Norkko et al. 201Burthermore, sediment denitrification, the function of
removing bicavailable nitrogen, is often strongly coupled with the oxygenation of the
sediment. Through sediment biogeochemistry alterationsidimg organic matter inputs and

sediment oxygenation, shellfish can enhance denitrificivgish et al. 2015)

Other key interactions are between biogenic habitat generation and a range of services.
Biogenic habitat drives services in tHabitat modificationbundle, by stabilizing sediments

and shorelines, whidhgain result in improved water clarity (as less sediment and particles will
be resuspended) and hence water quality in@oastal health and qualitgundle. Through
shoreline protection, shellfish habitats can also contribute to the creation of new habitats, like
seagrass meadows. One of the key linkages is between biogenic habitat or habitat alterations
and biodiversity, as discussed above. Not aitpis link discussed in a number of papers (12
times), but also reef restoration is often discussed as one of the key drivers for service delivery
(nine times in the interaction subset). Habitat provision and alterations also interact with food
web struture, as microbenthic engineering has been shown to help sustain the smaller
components of the food wéBraeckman et al. 2011froodweb structure and biodiversity are

also linked to sediment biogeochemistry alteratigigchaud et al. 2009, Kanaya 2014)
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nutrient cycling and removal by altering the structure of benthic and planktonic communities
(Orlova et al. 2006, Compton et al. 2018nd water quality regulation by shellfish clearance
rates(Jones et al. 2016)

2.5 Discussion

Our review provides a new approachdentifying bundles of ecosystem services, focused on

the use of key linkages in elucidating the mechanisms underpinning these bundles. As opposed
to the majority of work in the bundles literat&pake et al. 2017, Saidi and Spray 208)

work does not identify bundles as a spatial representation of where services are being delivered.
Instead, s strength lies in providing a generalization of well understood ecological
mechanisms resulting in bundle identification, without requiring any spatial or proxy data that
is often lacking in marine environmer{tSuerry et al. 2012, Townsend et al. 2008k were

able to identify associated services, each underpinned by one or two kegsgioor functions.

This information on mutual drivers will result in a better understanding on how services are
generated and provide insight in interdependencies between s¢Beceett et al. 2009, Wu

and Li 2019)

However, as these bundles are never independent, adtheanrelationships are possible,
interactions among services between bundles should also be con¢ikmtadr et al. 2008,

Lester et al. 2013)As commonly found, provisioning services in Marine resourcesundle

tend togenerate tradeffs with other services, while synergies are mostly found between
regulating and supporting/intermediate services in the other bufiddesand Lautenbach

2016) For terrestrial systems, biomga®duction generates tradéfs with other ecosystem
functions, as they are underpinned by different ecosystem attriitesand Li 2019) By
including the effect of shellfish on biological sttukdng and habitat modification, the
importance of intermediate services was captured for service supply. These services contribute
to biodiversity effects and overall functioning and resilience of the system. Biodiversity has
both intrinsic and utilitaria values contributing to human w4léing (HainesYoung and
Potschin 201Q) and overall findings indicate positive, but complex, linkages between
biodiversity attributes and ecosystem servi{¢tarison et al. 2014 Biodiversity loss in ocean
ecosystems is reducing the oceans capacity to provide ecosystem services, like food provision
and water quality regulation, as well as reduced recovery from perturbations and a loss in

reslience(Worm et al. 2006)
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Issues often identified for bundle methodology are related to location or context specific
findings using clustering methods and a lack of causal understa&tiage et al. 2017Yhis
complicates crosstudy comparisons, as studies are often conducted at different scales,
studying different services and using different proxies or atdrs for quantificatiofGrét
Regamey et al. 2014, Rodrigdeainaz et al. 2015)This scale and context specificity could
cause mismatches with management, and hdrmédsbe taken into consideration when used

in decision making processes, as recommendations may beansferable or could affect
management outcomdRaudsepgHearne and Peterson 201&ur approach provides an
insight in the mechanism resulting in service provision and would therefore be more readily
transferable. However, it does not quantify the amount of services generated, ritdndheke

where these services are being consumed or benefitted from. Flow of services from the place
of supply to societal demand is important in marine ecosystems due to connectivity and

complexity in structure and flow (through wind, currents, andsjiffeownsend et al. 2018)

Many ecological processes and functions are density and/or size dependent, often-in a non
linear manner that have implications for service delivery. Shellfish densities can affect the
provision of ecosystem services, where for example, a reduction inaeliern turbidity can

be directly proportional to shellfish abundar{déewell 2004)if there is a linear scaling of
filtration capacity, whereas a density threshold is prediifctenitrogen removal, as this service

is reliant on the exchange across the -@dioxic sediment interface. Burrowing behavior and
spacing by benthic macrofauna alters the amount of oxygen in the sediment. When a critical
organism density is reached, fauwe area of the oxianoxic boundary is reduced across which
exchange processes occur that are necessary for coupled nitrifdatibrification in
sediments. Therefore, denitrification potential is highest at moderate densities, with a collapse
at exteme densitie¢Gilbert et al. 2003, NeweR004) Similarly, (Lohrer et al. 20163how

the complex direct and indirect effects of shellfish density on primary productivity and nutrient
cycling in seagrass beds, with highest effect of cockles on pripnadgction at intermediate
densities. Shellfish size can also affect service delivery, where for example, the removal of
large adults has a negative impact on nutrient and oxygen fluxes and hence affect alterations in
sediment biogeochemistffhrush et al. 2006, Norkko et al. 201B)pch et al. (2009show

the effect of noHinearity in wave attenuation by benthic habitats on shoreline stabilization,
and the resulting changes in valuation of this service and the impact on coastal management if

nortlinearity is taken into consideration. Unexpected-hingarity in service delivery as a

32



result of density dependency and dynamic ecosystem processes or functions, can therefore have

a significant impact on the assessment of service supply and resulting decision making.

Predicting the delivery of ecosystenmaees is a key challenge in resource management which
may benefit more from a mechanistic understanding of the supply of services rather than a
collection of differing, context specific, and ntnansferable case studigSpake et al. 2017)
Understanding which processes drive the generation of these service bundles and how they link
with environmental variables will help us better predict and dfyaservice delivery at
different spatial and temporal scales. In many cases, models and maps are used as tools to
predict ecosystem service delivery to inform management and decision nfa&lhg and

Polasky 2009, Burkhard et al. 2012, Maes et al. 2012a, Burkhard and Mae$2@it@yiding

useful insights in where services are likely delivered

The next step in applying our framework is to move from identification to ecological
guantification of linkages and bundles, including shellfish density and size effects, and to
consider the implications of interactions for management. When managingdieidual
services in isolation, interactions can be overlooked and tend to-wewght human
perceptions of the total benefits provid&bdriguez et al. 2006Ecosystem models are based

on ecological principles and processes and could be configured to derive information on
interactions between services that would represent a step forward in predicting multiple
services delivery. For examplenvironmental carryingapacity models predict shellfish
growth and clearance ratgsg. Dame and Prins 199t could be used to quantify services

in the water quality bundle. In some instances, coupled models may be required, for example
carryingcapacity and morphodynamical modésg. van Maanen et al. 201é&)uld be used

to predict how shellfish distribution affects sediment and shoreline stability. Such advances
would lead to a better understanding of interactions between multiple services and support a
more holistic, ecostembased management (EBM) approach to marine sygtdoiseod and

Leslie 2009)

2.6 Conclusion

The ecosystem services and bundles concept have been proposed as a step forward in
ecosystenrbased management (EBM). Ecological understanding on how bundles are generated
will contribute to sustainable management, as it will create a better understahavhgto

drives the supply of services, how they interact with each other, what stressors they are prone
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to, and what might be lost if not managed properly. As a result of global shellfish bed
degradation, recovery of lost ecosystem services through dnddéi restoration effort and
methods form a large part of the ecosystem services literature on shellfish. Our case study is
an example of how we should manage for more than the tangible services that have direct
economic gain, as this bundle will oftenrfotradeoffs with other services that are generated
through different processes. Shellfish, like many other marine organisms and habitats, are
prone to multiple and cumulative stressors, and global losses are linked to a loss in service
value, reduced hatait quality and affects the functioning of the system. As estuarine and
coastal systems are prone to change, maintaining resilience through healthy systems should be
a main concern for management. A holistic approach to managing shellfish beds andsestuarie
in general is in line with EBM and will help maintain resilience and ensure future use of the
services they generate. More generally, our approach provides a format to translate ecological
knowledge to advice decision makers and spatial planners, wikttirig caught up in case

or location specific details and will help connect ecological knowledge with social science and

decision making.
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CHAPTER 3
Variations in ecosystem service provision of two
functionally similar bivalve species

3.1 Introduction

Marine and coastal ecosystems provide a wide range of benefits and values to(stitfety

2005, Barbier et al. 2011A desire to better recognise and protect these tangible and intangible
benefits has led to the devphoent of the Ecosystem Services (ES) con¢€pstanza et al.

1997, Daily 1997, De Groot et al. 2018S link benefits and values to the underpinning
biophysical structures, processes and ecosystem functions (hereafter EF) in the environment
(HainesYoung and Potschin 2010Knowing where and in what amount ES are being
generated is required if we wish to protect and maintain them, yet quantifying the mechanistic
links between ecosystem attributes, functions, and ES to incorporgeysical realism
remains challenginfl.uck et al. 2009, Boerema et al. 2017, Lavorel et al. 207t thermore,

a lack of quantitative data on all goods and services provided by an ecosystem can create a bias
towards more data rich ES (e.g. fisheries and el ecetourism in marine ecosystems)
(Beaumont et al. 2007)here is an urgent need to quantify ES to test existing theory, however,
this is a chbenging task due to the complexity of links between processes, EF, and ES
(Snelgrove et al. 24, Hattam et al. 2015a)

Bivalves are an example of an important ES provider in coastal ecosystems contributing to the
provision of multiple services (e.g. food provision, water quality regulation, shoreline
stabilisation(Smaal et al. 2019Jor which thelinks between processes, EF, andHa8e been
defined (Chapter 2) As reguating ES are generally more easily quantified ecologically
(Boerema et al. 201 1his study focussed on quantifying a subset of shellfish ES that contribute
to regulating water quality. Estuaries are prone to multiple local anthropogenic stressors that
impair environmental health and quality, through for example eutrophication, s¢diioe,

and other pollutants that enter the sys{&ennish 2002)Bivalve mediatedprocesses and EF

are known to mitigate these effects and thereby provide importafK&l®gg et al. 2014,
Bricker et al. 2018)For examplewater clarity is improved by shellfish acting as a biofilter,
removing suspended material from the water column when fe@dawell 2004, Grabowski

and Peterson 2007, Cranford et al. 20Blyalves impact nutrient cycling through depositing

organic material, excreting ammoniyi@ame and Kenneth 2011and alter nutrient fluxes
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