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The supply of ecosystem services (ES) that benefit humanity are derived from multiple,
interacting ecological functions and processes. Focusing on the ecological mechanisms
that underpin ES delivery allows bundles of services to be identified, bridging a
critical gap with management. Work in marine systems has not yet progressed to
the identification of ES bundles, as a result of data scarcity and complications arising
from system complexity and connectivity, as opposed to terrestrial systems where ES
bundles have been more widely applied based on spatial clustering. To demonstrate
the approach, identification of ES bundles provided by shellfish is used as a case-study.
Shellfish provide a number of known ES that need to be strategically managed to ensure
sustainable use. As a result of global degradations in shellfish beds ES have been lost,
and restoration efforts emphasize the importance in regaining these services. A literature
review, including 146 papers aimed specifically at linking shellfish to either ecosystem
functions or ES, was conducted to establish key linkages between processes, functions
and services. Based on co-occurrence of services and shared linkages, four bundles
of services are identified, including Marine resources, Coastal health and quality,
Habitat modification, and Biological structuring. Our study emphasizes the underpinning
ecological mechanisms and the importance of interactions between services, expressed
in the formation of bundles by mutual drivers and processes, as well as between
services in different bundles, as either synergies or trade-offs. The approach enables
the translation of ecological knowledge and creates generality to inform policy making
and management, thereby providing a format useful for ecologists, managers and
other stakeholders.

Keywords: ES bundles, ecological mechanisms, shellfish, ecosystem services, ecosystem functions, interactions,
EBM

INTRODUCTION

Ecosystem services (ES) are a means of linking the natural environment to various
benefits that humans are able to extract, utilize or experience (Daily, 1997; Millennium
Ecosystem Assessment [MEA], 2005; de Groot et al., 2010). This explicit recognition can
facilitate improved environmental resource management. To implement this concept, it is
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important to understand how the structure, processes and
functions of ecosystems relate to the generation of different
services (Müller and Burkhard, 2007; de Groot et al., 2010;
QUINTESSENCE Consortium, 2016; Culhane et al., 2018).
These relationships are numerous and complex and do not
necessarily show a one-to-one correspondence, as exemplified
by Snelgrove et al. (2014) who showed the multiple, complex
linkages between biodiversity, processes, functions and services
for seafloor environments. On top of this complexity, processes
span multiple spatial and temporal scales, which affect where,
when and how services are delivered (Raffaelli and White, 2013).
Bennett et al. (2009) provide a typology for ES relationships,
including the impact of drivers on multiple ES as well as the level
of interactions, thereby demonstrating the need to study multiple,
rather than individual services. Hence, understanding the
relationships between services (effectively their inter-dependence
and collinearity) has been proven important (Bennett et al.,
2009; Lester et al., 2013; Howe et al., 2014) and resulted
in the development of the ES bundles concept (Raudsepp-
Hearne et al., 2010). ES bundles, defined as “sets of associated
services that appear together repeatedly across space and/or
time” (Raudsepp-Hearne et al., 2010) allow the assessments
of trade-offs and synergies among services in complex and
changing environments.

Most work to date on ES bundles has focused on terrestrial
environments, using cluster methods to identify spatial patterns
in service delivery (Raudsepp-Hearne et al., 2010; Turner et al.,
2014; Queiroz et al., 2015). However, marine, and especially
estuarine and coastal environments, provide ES that need to be
strategically managed to ensure sustainable use (Barbier et al.,
2011). Studies in the marine environment are fewer than those of
terrestrial systems as a result of data scarcity, and complications
arising from system complexity and connectivity, spatial scales
and context, and the 3-dimensional use of these environments
(Guerry et al., 2012; Townsend et al., 2018). Even though
the importance of understanding links between biodiversity,
ecosystem function and service delivery is emphasized (Kremen
and Ostfeld, 2005; Haines-Young and Potschin, 2010; Nagendra
et al., 2013), few studies have been able to incorporate this
in ES identification and quantification. In terrestrial systems,
functional traits of plants have been used as a way of including
ecological mechanisms in determining ecosystem service delivery
(de Bello et al., 2010; Lavorel et al., 2011; Lavorel and Grigulis,
2012; Lamarque et al., 2014). While research in the marine
environment has focused on the links between biodiversity and
ecosystem functions (Solan et al., 2006; Stachowicz et al., 2007;
Gamfeldt et al., 2015), links to ES and especially bundles of
services in this environment remain unclear.

The idea of bundles of services, whether 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 ES in the marine environment can be
used to inform ecosystem based management (EBM) and marine
spatial planning (MSP) (McLeod and Leslie, 2009; Granek et al.,
2010; Lester et al., 2013). Application of the ES bundle approach
and understanding the underpinning ecology can facilitate

sustainable management of resources, a key aspect of current
and future marine management to ensure the continuation
of the services they provide (Martínez-Harms and Balvanera,
2012). It will also contribute to conservation of biodiversity and
ecosystem resilience to prevent tipping points in ES provision
(Bennett et al., 2009; Maes et al., 2012b). Loss of ES has been a
key motivation 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 health (Grabowski and
Peterson, 2007) and recovering lost ES 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). Shellfish provide a number of ES 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 biodiversity (Figure 1; Grabowski et al., 2012; van
der Schatte Olivier et al., 2018). Thousands of ecological studies
world-wide provide insight in the structure and processes created
and altered by shellfish. However, 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 ecological
mechanisms that underpin service delivery to determine ES
bundles, applied to shellfish dominated systems as a case study.
Shellfish-associated processes and functions were then linked to
ES to investigate the potential for complex interactions. The role
of 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.
This work 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 data-sparse (marine)
environments, 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 toward a focus on ecological processes driving services
supply, and provides a format useful for ecologists, managers
and other stakeholders to translate and generalize ecological
knowledge into the ES framework.

MATERIALS AND METHODS

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 was on the higher level ecological mechanisms,
with a focus on well-understood, generalizable concepts, and
on elucidating the key linkages in service generation. Although
there are thousands of peer-reviewed ecological publications that
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FIGURE 1 | Examples of ecosystem services provided by shellfish.
(A) Recreational gathering of shellfish for food in New Zealand (Chris Williams,
NZ Story), (B) mussel (Perna canaliculas) aquaculture (Chris Woods), (C)
habitat provision by horse mussel (Atrina zelandica) beds (Simon Thrush), (D)
infaunal shellfish (Austrovenus stutchburyi, Macomona liliana) as a food
source for stingrays on the intertidal sandflat (Helen Cadwallader), (E)
sediment and shoreline stabilization by artificial oyster (Crassostrea gigas)
reefs (NIOZ, EcoShape), and (F) water clarity improvements and contaminant
removal through filter feeding, comparing aquaria with (right) and without (left)
shellfish (A. stutchburyi) (Vera Rullens). Images reproduced with permission.

focus on shellfish, we limited our review to studies specifically
targeting ecosystem functions and services. In this study, shellfish
habitats are defined as a location where shellfish dominate the
benthic biomass, and function as ecosystem engineers (sensu
Jones et al., 1994). Both epifaunal reefs and infaunal shellfish
beds are therefore considered, as both can significantly create,
modify and maintain habitats, thereby changing the physical state
of the environment, controlling the availability of resources to
other species, and affecting the ecosystem functioning of the
system at a scale larger than the habitat itself (Jones et al., 1994;
Gutiérrez et al., 2003; Bouma et al., 2009). In addition to natural
habitats (reefs and beds), studies that focused on highly modified
(aquaculture) settings were also included within this review.

Literature Review Details
This research was based on findings reported in 146 peer-
reviewed 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 terms used included combinations of either
“Ecosystem service” or “Ecosystem function” with a search term
for shellfish, i.e., “Shellfish,” “Bivalve,” “Clam,” etc. In total, 202
papers matched these search criteria, which were then screened
for relevance based on title, abstract 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 estuarine or coastal habitats (i.e., excluding
for example paleo-ecological studies, or studies in deep-sea or
polar environments).

The resulting 146 papers were reviewed to extract general
information on study type (e.g., experimental, observational,
review) and provide an overview of what was studied, where and
when, the species and environment studied. Specific emphasis
was placed on the species type, categorized for “epifaunal
suspension feeders,” “infaunal suspension feeders,” “infaunal
deposit feeders” and the more general “bivalves” if not further
specified. Emphasis is placed on these distinct groups as they
affect ecosystem functioning differently, driven by their feeding
mechanisms (suspension vs. deposit) and position in or on
the sediment (infaunal vs. epifaunal, respectively). The list of
presented services was not specified prior to the review but
was guided by the literature to ensure all those discussed were
included. Shellfish not only provide “final” services that can
be directly utilized (Fisher et al., 2009), but also a number
of “intermediate” (or supporting) services that contribute to
maintaining high-level functioning and resilience of coastal
systems, which were included to maintain the nuances found
in the reviewed literature. Services indirectly provided 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 and supporting
services (Table 1). To allow comparison with more generalized
frameworks, the TEEB classification categories (de Groot et al.,
2010) are included in Table 1 for these services. Cultural
services were excluded as they are more subjective and context
specific, and are strongly underpinned by social variables, like
identity, country of origin, ethnicity, religion, and income level
(Stephenson, 2008; Dickinson and Hobbs, 2017), rather than the
ecological processes and functions that this review targeted.

The main focus of the review was to establish the links between
processes, functions and services, which were documented for
each paper in the review. Most papers discussed only one
ecosystem function or service, hence they were documented as
one input that described the identified link between process-
function-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
from the 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
water quality regulation, and nutrient cycling/removal, this was
considered one input. However, if they studied two services
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TABLE 1 | Overview of the ecosystem services found in the reviewed literature as
function of service category.

Category Ecosystem service TEEB category

Provisioning services Provision of food Provision of food

Provision of material Provision of raw
materials

Regulating services Water quality regulation Wastewater
treatment

Nutrient removal

Pollutant removal (Carbon
sequestration and
storage)

Pathogen removal Biological control

Sediment stabilization Erosion prevention

Shoreline stabilization Moderation of
extreme events

Habitat and supporting
services

Habitat provision Habitat for species

Biodiversity

Sediment biogeochemistry
alterations

Foodweb structure

The ecosystem services are aligned to the TEEB categorization (de Groot et al.,
2010) to enable comparison with a more general framework.

that were underpinned by different processes, like growth
underpinning food provision, and filter feeding underpinning
water quality regulation, 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.

Bundle Identification, Cascades, and
Interactions
The links identified between processes, functions and services
(see Appendix 2 in Supplementary Materials) formed the basis
for bundle identification. Linkages were quantified per service
in terms of the number of papers discussing a specific link
(Appendix 1 in Supplementary Materials). 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 included linkages were
examined for similarities in their effects on the services and the
services within each group for their co-occurrence to form the
four final bundles. Each service was only categorized for one
bundle, but underpinning processes or functions could be 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 vs. physical 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 functions were mapped
and simplified to represent the main links from the literature
to the provisioning of the services in cascade diagrams. In the
section on “ES bundles for shellfish” below, the four bundles are

described, followed by further explanation and examples of the
mechanisms generating them.

Even when services are bundled, they are not completely
independent, as interactions i.e., synergies and tradeoffs, between
bundles are still possible. Synergies are defined as “a situation
where the use of one ES directly increases the benefits supplied
by another service,” while tradeoffs are defined as “a situation
where the use of one ES directly decreases the benefits supplied
by another” (Turkelboom et al., 2015). A subset 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 considered as “interactions,” or those that were
treated separately, as explained above. In some 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 example, aquaculture was considered as the main driver or
stressor of the delivery of other services, whilst not discussing the
provisioning benefits generated by aquaculture itself.

ES BUNDLES FOR SHELLFISH

Ecosystem Services Bundles
From the obtained linkages in the literature review, four bundles
of services are identified for shellfish (Figure 2) based on 21
key linkages (Appendix 1 in Supplementary Materials). The
first bundle, Marine resources, contains all services related to the
provision of goods, including food and shell material. In total,
information from 25 papers are 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 bundle, Coastal health
and quality, includes 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 on water 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). The Habitat modification bundle includes the physical
effects shellfish have on the environment, through their role as
ecosystem engineers, as discussed in 44 papers. This includes
their effect on stabilizing shorelines (6 papers) and sediments (7
papers), and their effect on altering sediment biogeochemistry
(25 papers). The final bundle Biological structuring, includes
the services by which shellfish have biological effects on the
environment by supporting 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.

Linkages Cascades per Bundle
Marine Resources
The Marine resources bundle is underpinned by three main
processes: shellfish survival, growth, and recruitment, which
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FIGURE 2 | Bundles of ecosystem services provided by shellfish. Each box
contains the services grouped for the respective bundles. Arrows between
bundles in the center of the figure indicate the interactions between bundles
either as synergies (black bi-directional arrows) or trade-offs (dashed
one-directional arrows).

determine the amount of biomass generated in the system that
can be harvested (Figure 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 in a system and the
production yield in a region. Biomass can be harvested through
commercial or recreational collection of natural populations, or
from artificial (aquaculture) set-ups specifically aimed to grow
shellfish as a food source. Aquaculture examples are discussed
where shellfish are viewed as being increasingly important for
the production of proteins and thereby as an alternative for
exploiting natural resources (Kluger et al., 2017), resulting in
benefits to local economies and employment (Ferreira and
Bricker, 2016). In some cases, invasive species are used for
aquaculture (Ruesink et al., 2006; Humphreys et al., 2015),
where the annual yield generated by these species can exceed
the historical landing of native species (Ruesink et al., 2006).
Limited information was available in the review on the provision
of material, except for some papers discussing shell formation.
Shell 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 thickness (Hiebenthal
et al., 2013; Lacoue-Labarthe et al., 2016), that not only affects
the provision of materials but could also impact bivalve fisheries
revenues (Marshall et al., 2017).

The effect of growth was discussed 11 times as the
underpinning process for this bundle, where growth rates of
shellfish determine how much biomass is generated over time,
with higher growth rates resulting in higher service delivery.
Growth rates are dependent on environmental variables and can
vary temporally (Li et al., 2012) and spatially, as is shown for
mussels along the Swedish coast (Bergstrom et al., 2015) where
models and empirical studies were used to spatially determine
growth rates over a 2 month timeframe. Survival (or mortality)

of shellfish affects the amount of biomass available, as discussed
in six reviewed papers, where high survival rates result in 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
rates (Lewis and DeWitt, 2017). Disease outbreaks (Wilkie et al.,
2013) can affect survival rates of farmed and wild shellfish
populations, but 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 areas (Marsden and Adkins, 2010). The methods
used for harvesting can also affect recruitment, where Toupoint
et al. (2016) show that hand raking, a method of recreational
harvesting, inhibited primary recruitment, whereas aquaculture
promoted primary recruitment intensity.

Coastal Health and Quality
The key process underpinning the Coastal health and quality
bundle is filter feeding by shellfish, as discussed in 38 out
of 51 papers for this bundle. Through filter feeding, shellfish
act as biofilters, removing suspended particles from the water
column, thereby affecting all services in this bundle (Figure 4).
Water quality regulation is the service most frequently discussed
in the scientific literature (27 times), with a strong focus on
epifaunal-suspension feeders (e.g., oyster and mussel reefs). By
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
nutrients between the sediment and water column, i.e., benthic-
pelagic 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 matter
or seston concentrations (MacDonald and Ward, 2009; Galimany
et al., 2017b), temperature (Zu Ermgassen et al., 2013a), dissolved
oxygen, and turbulence (Li et al., 2012). A number of studies
have 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 present situations
in Chesapeake bay (Zu Ermgassen et al., 2013b) and restoration
of reefs can help regain lost services (Coen 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
species that occupied similar niche space (Galimany et al., 2017a),
thereby outcompeting them (Ruesink et al., 2006).

Benthic-pelagic coupling drives both water quality regulation,
as well as nutrient cycling and removal. Shellfish contribute
to benthic-pelagic coupling through filter feeding, by moving
particles from the water column to the sediment as biodeposits
(Kent et al., 2017a), and can alter pelagic community structure
and trophic interactions in the system (Orlova et al., 2006;
Sunda et al., 2006; Filgueira et al., 2016). Biodeposition by both
suspension and deposit feeders also increases sedimentation rates
and modifies the physical, chemical, and bacterial composition
properties of settling particles (Karlson et al., 2010; Kanaya, 2014)
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FIGURE 3 | Simplified cascade showing the links between processes, functions, and services in the Marine resources bundle. 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.

FIGURE 4 | Simplified cascade showing the links between processes, functions, and services in the Coastal health and quality bundle. 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 links that are inferred from expert knowledge.

altering rates of nutrient cycling (including denitrification) and
burial (Cerco, 2015; Kent et al., 2017a). Modifications in the
physico-chemical 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., 2011; Filgueira et al., 2016; Lohrer
et al., 2016) and denitrification in the sediment that removes bio-
available nitrogen from the system to the atmosphere (Kellogg
et al., 2013; Cerco, 2015; Welsh et al., 2015). Nutrient cycling
and removal is also affected by bioassimilation of nutrients in
tissue and burial of organic matter, as well as nutrient excretion
by shellfish. A number of studies quantify nutrient removal
from the system through assimilation in tissue or shell and
often in relation to aquaculture settings (Sebastiano et al., 2015;
Galimany et al., 2017c). Eutrophication 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 feeding through phytoplankton

biomass control and should be considered in management
decisions (Ferreira and Bricker, 2016).

The removal of pollutants and pathogens from the system is
also linked to bioassimilation and burial (Figure 4). Bivalves can
act as a filter for bacteria and contaminants thereby removing
them from the system (Volety et al., 2014; Broszeit et al., 2016).
Once ingested, toxins or bacteria can either be assimilated in
tissue or discarded in biodeposits that are buried in the sediment.
Burge et al. (2016) reviewed 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 or negative depending on the bivalve
and pathogen specific selectivity or mechanisms. Pathogens can
be removed from the system by degradation and released in
biodeposits. 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
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a number of pollutants from the system by bioremediation
of wastes (Broszeit et al., 2016) and biotransformation of
contaminants that alter their bioavailability (Montes et al.,
2012). As a result of the bioassimilation in tissue, shellfish
are often considered as bioindicators of toxins in estuarine
habitats (Chapman et al., 2013; Burge et al., 2016). Carbon
sequestration is a form of pollution removal occurring on a
much longer temporal scale, but is 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 burial (Cerco, 2015)
or through carbon sequestration in shells (Talmage 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 them (Figure 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 infaunal shellfish 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 organic matter to
depth (Maire et al., 2006; Sousa et al., 2009; Kanaya, 2014), cause
changes in benthic metabolism and nutrient fluxes between the
sediment-water interface in soft sediment-habitats (Rossi et al.,
2008; Sandwell et al., 2009; Lohrer et al., 2010; Lohrer et al., 2012;
Norkko et al., 2013; Premo and Tyler, 2013), as well as changes
in the Redox Potential Discontinuity Layer depth (Clare et al.,
2016). Sediment biogeochemistry alterations are affected by key
species composition (Michaud et al., 2009) and density (Sandwell
et al., 2009; Clare et al., 2016; Sospedra et al., 2017), predator
presence affecting burrowing behavior (Maire et al., 2010), and
feeding behavior or the availability of food (Maire et al., 2006;
Karlson et al., 2010). This supporting service is important in soft
sediment habitats as it affects productivity and overall condition
of the system, but is susceptible to a number of physical stressors.
Terrestrial sediment deposits of a couple of mm can have a
significant effect on this service (Pratt et al., 2014), as not only
will the deposition alter physical properties of the sediment,
but has also been shown to cause subtle changes in behavior of
adults and juvenile shellfish (Hohaia et al., 2014; McCartain et al.,
2017). Similarly, smothering or hypoxia can greatly impair the
benthic communities, and in particular shellfish, and their ability
to contribute to sediment oxygen and nutrient fluxes (Rossi et al.,
2008; Lohrer et al., 2010; Villnas et al., 2012).

Through sediment reworking, the sediment erosion potential
is altered by changes in near-bed flow dynamics, sedimentary
properties (e.g., grain size distribution, microbial activity) and
bottom roughness (Sousa et al., 2009). The effect shellfish have
can be either stabilizing or destabilizing, depending on a number
of factors, including densities, size distribution, patch scale, etc.
Eriksson et al. (2010) show 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 pre-
disturbed scenario, whereas deposit feeders (lugworms) resulted
in sediment destabilization in a human disturbed scenario.
Similarly, Harris et al. (2015), found differences between juvenile
and adult Macomona liliana (deposit feeding shellfish), where
adults had a stabilizing effect on the sediment, compared to
juveniles, indicating a shift in species functioning. Through
biodeposition and mucus production, sediment erosion potential
can also be reduced (Donadi et al., 2013), as discussed in three
papers. Six papers look into the effects epifaunal bivalves have
on shoreline stabilization by reef formation, thereby creating
biogenic habitat (Brumbaugh and Coen, 2009) and 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) or 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, compared to other
artificial breakwaters (Scyphers et al., 2015).

Biological Structuring
Shellfish provide a number of supporting services by biological
structuring in estuarine and coastal habitats (Figure 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
shellfish 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 result in the creation of refuge, feeding, or nursing
habitats (Guidetti and Boero, 2004; Coen et al., 2007; Volety
et al., 2014). Dinesen and Morton (2014) describe the habitat
provided by horse mussel reefs, that create three 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. Reefs
form refuge areas from predation for other bivalves (Glaspie
and Seitz, 2017) or benthic macroinvertebrate species (Micheli
and Peterson, 1999) and juvenile fish. An important indirect
service resulting from nursery and feeding habitat provided
by shellfish is increased secondary production of higher tropic
levels, such as fishes and crabs, (Coen et al., 2007; Volety
et al., 2014), that if harvested, indirectly result in increased food
provision (Kent et al., 2017b). Infaunal shellfish also alter and
provide habitat (as discussed in four papers) through creating
colonizable substrate from shells (Sousa et al., 2009) and by
sediment reworking. An example of the latter is the work by
Queiros et al. (2011), showing 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
composition. These effects can be context dependent, as they can
be mediated by structuring vegetation, or sediment granulometry
and compaction (Queiros et al., 2011).

As discussed in 11 papers in the review, habitat alterations
is crucial for increasing biodiversity (Coen and Luckenbach,
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FIGURE 5 | Simplified cascade showing the links between processes, functions, and services in the Habitat modification bundle. 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.

FIGURE 6 | Simplified cascade showing the links between processes, functions, and services in the Biological structuring bundle. 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 links that are inferred from expert knowledge.

2000; Volety et al., 2014; Kasoar et al., 2015; Gittman et al.,
2016; Kent et al., 2017b). Shellfish 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 composition alterations in general, showing changes
in community assemblages (Kluger et al., 2016), species richness,
abundance and biomass (Quan et al., 2012; van der Zee et al.,
2015). The 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., 2015). There are some examples of
how shellfish affect microbial communities also, for example,
Deng et al. (2015) show that the presence of ark shells resulted
in higher archaea diversity in intertidal sediments, and Liu
et al. (2009) show that clam culturing 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 effects (Riedel et al.,
2014) and extreme flooding in an eutrophication recovery site
(Cardoso et al., 2008).

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 between primary
producers (either phytoplankton or microphytobenthos) and
higher trophic levels (Vinagre et al., 2015), as they are an
important food source for shorebirds (Caldow 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 isotope
data. Christianen et al. (2017) found that microphytobenthos
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was the main food source for Limecola (Macoma) balthica (a
deposit-feeder), while suspension-feeding cockles had a pelagic
food source. Shellfish can have significant impacts on the
phytoplankton dynamics through their feeding, which can be
affected by hydrodynamics, immersion time, and shellfish density
(Grangere et al., 2010). Important also is the transfer of energy to
benthic communities by organic matter deposition that can fuel
microbial communities (Franzo et al., 2016). Non-consumptive
interactions can also cause changes in foodweb dynamics, like
mortality events (Long et al., 2014; Jones et al., 2016) or predation
(Barrios-O’Neill et al., 2017).

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
services. Understanding the interactions between services is key,
which can manifest as either trade-offs or synergies (Figure 2),
and are highly relevant for coastal management.

Trade-Offs
Trade-offs 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 additional 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. Furthermore, shellfish
harvesting methods can have negative impacts on the delivery
of other services. As Toupoint et al. (2016) demonstrated,
recreational fishing can reduce primary recruitment intensity
and fisheries can negatively affect biodiversity and foodweb
structure 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 substrate by date-
mussel fisheries, thereby creating barrens (Guidetti and Boero,
2004), while clam digging can alter nematode and copepods
aggregated in spatial structures (Boldina 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 we
need 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 provision. Aquaculture is
linked to services in the Coastal health and quality bundle
(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 services in this
bundle (Grant et al., 2007). For example, Ruesink et al.
(2006) discuss the use of invasive species for aquaculture,
thereby generating 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 excretion (Filgueira et al.,
2016) and the cycling and removal of nutrients from the
system (Saurel et al., 2014). Shellfish from aquaculture can
contribute to the mitigation of eutrophication symptoms by
removing excess nitrogen (Sebastiano 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
diverse epibenthic organisms (Ruesink et al., 2006), as well
as microbial communities (Liu et al., 2009). However, other
examples exist describing negative effect of aquaculture on
biodiversity (Bendell, 2014), with a drop in primary producers
and consumers in a 100 year scenario, resulting in a loss of
resilience (Kluger et al., 2017). Another potential downside is
that aquaculture may provide habitat or structure for undesirable
invasive species or biofouling (Bendell, 2014). Additional trade-
offs 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
species (Kent et al., 2017b). This is often a primary driver
for shellfish restoration projects, but design considerations can
contribute to trade-offs with other services, particularly in
the Habitat modification bundle and water quality outcomes.
Habitat provision from complex 3D reefs favor juvenile fish
and invertebrate species (Coen et al., 2007) compared 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 trade-offs
will be dependent on the species present and the shapes or
topography of the 3D structure and can vary geographically
(Dinesen and Morton, 2014).

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
sediment biogeochemistry is the exchange of nutrients across
the sediment-water interface, as caused by sediment reworking.
In soft sediment habitats, bioturbation by macrofauna enhances
the release of ammonium from the sediment and oxygenates
the sediment (Rossi 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 water
column, and included the effect of bivalve densities (Sandwell
et al., 2009; Lohrer et al., 2016; Sospedra et al., 2017), or the
effect of large adults by removing them (Thrush et al., 2006;
Norkko et al., 2013). Furthermore, sediment denitrification, the
function of removing bio-available nitrogen, is often strongly
coupled with the oxygenation of the sediment. Through sediment
biogeochemistry alterations, including organic matter inputs
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and sediment oxygenation, shellfish can enhance denitrification
(Welsh et al., 2015).

Other key interactions are between biogenic habitat
generation and a range of services. Biogenic habitat drives
services in the Habitat modification bundle, by stabilizing
sediments and shorelines, which again result in improved water
clarity (as less sediment and particles will be re-suspended)
and hence water quality in the Coastal health and quality
bundle. 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 only is
this 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 structure,
as microbenthic engineering has been shown to help sustain the
smaller components of the food web (Braeckman et al., 2011).
Foodweb structure and biodiversity are also linked to sediment
biogeochemistry alterations (Michaud et al., 2009; Kanaya, 2014),
nutrient cycling and removal by altering the structure of benthic
and planktonic communities (Orlova et al., 2006; Compton et al.,
2013), and water quality regulation by shellfish clearance rates
(Jones et al., 2016).

DISCUSSION

Our review provides a new approach in identifying bundles
of ES, focused on the use of key linkages in elucidating
the mechanisms underpinning these bundles. As opposed to
the majority of work in the bundles literature (Spake et al.,
2017; Saidi and Spray, 2018), our work does not identify
bundles as a spatial representation of where services are being
delivered. Instead, its 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 environments (Guerry et al., 2012;
Townsend et al., 2018). We were able to identify associated
services, each underpinned by one or two key processes or
functions. This information on mutual drivers will result in a
better understanding on how services are generated and provide
insight in interdependencies between services (Bennett et al.,
2009; Wu and Li, 2019).

However, as these bundles are never independent, and non-
linear relationships are possible, interactions among services
between bundles should also be considered (Barbier et al., 2008;
Lester et al., 2013). As commonly found, provisioning services in
the Marine resources bundle tend to generate trade-offs with other
services, while synergies are mostly found between regulating and
supporting/intermediate services in the other bundles (Lee and
Lautenbach, 2016). For terrestrial systems, biomass production
generates trade-offs with other ecosystem functions, as they are
underpinned by different ecosystem attributes (Wu and Li, 2019).
By including the effect of shellfish on biological structuring 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 utilitarian values
contributing to human well-being (Haines-Young and Potschin,
2010), and overall findings indicate positive, but complex,
linkages between biodiversity attributes and ES (Harrison et al.,
2014). Biodiversity loss in ocean ecosystems is reducing the
oceans capacity to provide ES, like food provision and water
quality regulation, as well as reduced recovery from perturbations
and a loss in resilience (Worm et al., 2006).

Issues often identified for bundle methodology are related to
location or context specific findings using clustering methods
and a lack of causal understanding (Spake et al., 2017).
This complicates cross-study comparisons, as studies are often
conducted at different scales, studying different services and
using different proxies or indicators for quantification (Grêt-
Regamey et al., 2014; Rodríguez-Loinaz et al., 2015). This
scale and context specificity could cause mismatches with
management, and hence should be taken into consideration
when used in decision making processes, as recommendations
may be non-transferable or could affect management outcomes
(Raudsepp-Hearne and Peterson, 2016). Our 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, nor does it include
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, and
tides) (Townsend 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 ES, where for example, a reduction in water column
turbidity can be directly proportional to shellfish abundance
(Newell, 2004) if there is a linear scaling of filtration capacity,
whereas a density threshold is predicted for nitrogen removal,
as this service is reliant on the exchange across the oxic-anoxic
sediment interface. Burrowing behavior and spacing by benthic
macrofauna alters the amount of oxygen in the sediment. When
a critical organism density is reached, surface area of the oxic-
anoxic boundary is reduced across which exchange processes
occur that are necessary for coupled nitrification-denitrification
in sediments. Therefore, denitrification potential is highest at
moderate densities, with a collapse at extreme densities (Gilbert
et al., 2003; Newell, 2004). Similarly, Lohrer et al. (2016) show
the complex direct and indirect effects of shellfish density on
primary productivity and nutrient cycling in seagrass beds, with
highest effect of cockles on primary production 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 biogeochemistry (Thrush et al., 2006; Norkko et al.,
2013). Koch et al. (2009) show the effect of non-linearity 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 non-linearity is taken into consideration.
Unexpected non-linearity in service delivery as a result of density
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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 ES 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 non-transferable case studies
(Spake 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 quantify
service 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 making
(Tallis and Polasky, 2009; Burkhard et al., 2012; Maes et al., 2012a;
Burkhard and Maes, 2017), by providing useful insights in where
services are likely delivered.

The next step in applying our framework is to move from
identification to ecological quantification of linkages and bundles,
including shellfish density and size effects, and to consider the
implications of interactions for management. When managing
for individual services in isolation, interactions can be overlooked
and tend to down-weight human perceptions of the total
benefits provided (Rodríguez et al., 2006). Ecosystem 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 example environmental carrying-
capacity models predict shellfish growth and clearance rates
(e.g., Dame and Prins, 1997) that could be used to quantify
services in the water quality bundle. In some instances coupled
models may be required, for example carrying-capacity and
morphodynamical models (e.g., van Maanen et al., 2015) could
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, EBM approach to marine systems
(McLeod and Leslie, 2009).

CONCLUSION

The ES and bundles concept have been proposed as a step forward
in EBM. Ecological understanding on how bundles are generated
will contribute to sustainable management, as it will create a
better understanding of what drives the supply of services, how
they interact with each other, what stressors they are prone to,
and what might be lost if not managed properly. As a result

of global shellfish bed degradation, recovery of lost ES through
shellfish bed restoration effort and methods form a large part of
the ES 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 often form trade-offs
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 habitat 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 and estuaries 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, without getting
caught up in case or location specific details, and will help connect
ecological knowledge with social science and decision making.
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