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1.1. Seed provisioning for bivalve aquaculture

1.1.1. The role of seed collection in bivalve aquaculture

Bivalve molluscs have been consumed by humans for over 100,000 years (Walter et al.
2000, Marean et al. 2007). In the present day, the vast majority of production is aquaculture
based. The aquaculture production of molluscs, mostly bivalves, reached 17.7 million tons
in 2020, representing 20% of global marine and coastal aquaculture animal production
worldwide (FAO 2022). Globally, farming of bivalves is still heavily reliant on supply of seed
from wild fisheries. These fisheries are increasingly under pressure because of a growing
concern about potential negative effects on the natural environment and conservation
goals (Kaiser et al. 1998, Jeffs et al. 1999, Van Hoof 2012, Pifieiro-Corbeira et al. 2018).
In the quest for alternative sources of seed, two main developments can be discerned:
hatchery production and seed collection on artificial substrates. Although in various
locations hatchery production has advanced technologically to such an extent that it can
deliver a sufficiently large supply, this is still associated with a significantly higher financial
production cost than both wild caught seed and seed collector seed (Kamermans et al.
2013). On the other hand, seed collector systems consisting of artificial substrate are
successfully used in mussel aquaculture sectors such as the French bouchot culture, and
raft and longline culture around the globe (Kamermans & Capelle 2019). Seed production
on seed collectors avoids both the environmental concerns associated with wild seed
fishery and the often prohibitive cost of hatchery production.

1.1.2. Seed collection in the Dutch mussel industry

In the blue mussel (Mytilus edulis) aquaculture industry in the Netherlands, following
exploratory investigations in the early 2000s (Kamermans et al. 2002), a stepwise transition
has been under way since 2009. During this transition suspended seed collectors, known
as Seed Mussel Collector (SMC) systems, are meant to gradually replace wild seed fishery.
This transition is driven by a covenant between the mussel farming industry, government
and NGOs. By the year 2022, 50% of the wild seed fishery was replaced by SMCs. SMCs
are predominantly deployed in the two main Dutch mussel growing areas: the Wadden
Sea and the Oosterschelde bay (Figure 1.1). SMCs carry a 5 to 6 times higher financial
cost of production (Van Qostenbrugge et al. 2018), but have been found to constitute a
much more stable seed provisioning resource than the wild fishery which depends on
often erratic patterns of natural recruitment (Smaal et al. 2021). In the Netherlands, SMCs
essentially consist of artificial substrate in the form of ropes or nets placed in the water
column around the end of spring prior to the onset of larval settlement, and harvested
at the end of summer (Figure 1.2). The seed is then relayed onto bottom culture plots for
growing out to commercial size. Since natural spatfall on the bottom of the Oosterschelde
bay is very limited (Van Stralen & Dijkema 1994; Troost 2024, pers.comm.), historically the
vast majority of seed mussels (if not all) was imported from Wadden Sea fisheries on wild
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beds. As part of the transition, seed is now also collected on SMCs in the Oosterschelde
bay itself, resulting in a much higher proportion of seed to adult mussels in the system
than before. Moreover, the post-seeding mortality rate of 92% (Capelle et al. 2016) means
that the production of seed needs to be proportionally high.

Wadden Se

I SMC plots 2022

" SMC concessions 2021-2026
2 bottom culture plots

[ tidal basin boundary

Closed for mussel fisheries

since 2015 / Qosterschelde
B since 2019
since 2022

0%

Figure 1.1. The two main mussel growing regions in the Netherlands, the Wadden Sea and the
Oosterschelde bay. For SMCs, concession sites and actual use (“SMC plots 2022") are shown. In
addition, bottom culture plots for growing mussels to commercial size are shown. The closure of
area for bottom fishery of mussel seed is shown by year of closure.
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Figure 1.2.Two types of SMC systems currently in use in the Netherlands. Top panel: longline system
(photo courtesy Karin Troost). Continuous culture ropes are suspended in loops from a main line.
The main lines are held at the water surface by a series of floaters. In the foreground, one mainline
is lifted out of the water, exposing the culture rope for inspection. In the background, anchor poles
to which the main lines are tethered are visible. Bottom panel: net system (photo courtesy Jacob
Capelle). A net is suspended from a floating tube. When not in use, the nets can be bound up to
the tube and the system can be left in the water, preventing biological fouling. The tube in the
foreground is lifted out of the water exposing the netting for inspection.
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1.2. Bivalve seed collection and nutrient cycling

1.2.1. The role of bivalve aquaculture in nutrient cycling

Bivalve suspension feeders exercise top-down (filtration) and bottom-up (nutrient
regeneration) control over phytoplankton populations (Newell 2004). Top-down control
results from the capacity of bivalve filter feeders to clear large volumes of water from
particles including phytoplankton (Cranford et al. 2011). Bottom-up control results from
the regeneration of dissolved nutrients which are then accessible for phytoplankton. The
two pathways of nutrient regeneration are i) direct excretion due to metabolic activity of
the animals, and ii) mineralization of their biodeposits: feces, the waste product egested
after internal digestion; and pseudofeces, the part of the filtered material that is rejected
before ingestion (Prins et al. 1998). When phytoplankton becomes depleted, top-down
filtration control can constitute a negative feedback onto growth rates of the bivalve
suspension feeders causing the depletion. In this case the carrying capacity of the system
for suspension feeding populations in the system is reduced (Prins et al. 1998, Dame 2012).
On the other hand, bottom-up nutrient regeneration control can constitute a positive
feedback when phytoplankton productivity is stimulated and promotes growth rates of
the bivalve suspension feeders releasing the nutrients (Prins et al. 1995, 1998). The extent
of ecological impacts varies with the intensity of production and the characteristics of the
ecosystem (reviews by Prins et al. 1998, Newell 2004). Besides enhancing the availability
of nutrients for primary producers, bivalve suspension feeders can return nutrients in
different ratios than present in the environment (e.g. Jansen et al. 2011) with potential
implications for phytoplankton composition (Turner et al. 1998, Philippart et al. 2000,
Cloern 2001). These top-down and bottom-up mechanisms can occur simultaneously,
and therefore need to be assessed in conjunction when evaluating ecological impacts of
bivalve aquaculture, a globally rapidly growing industry (FAO 2022).

Previous studies in relation to nutrient cycling by bivalve suspension feeders investigated
either individual mussels from suspended culture systems in isolation (e.g. Smaal & Prins
1993, Cranford et al. 2007, Brigolin et al. 2009), investigated a single direction of control i.e.
top-down or bottom-up (e.g. Hatcher et al. 1997), or investigated a single macronutrient
(e.g. Cranford et al. 2007, nitrogen). Filtration of particles by bivalve filter feeders including
M. edulis has been extensively researched, but predominantly on individual specimens
(Cranford et al. 2011). A few studies investigated community feeding responses in the
main SMC areas the Oosterschelde bay (mussel beds: Prins et al. 1996, Smaal & Haas 1997)
and the Western Dutch Wadden Sea (SMCs: Jacobs 2015). Jacobs et al. (2015) argued
that high-density SMC mussel aquaculture can result in significant refiltration, meaning
that community-level filtration rates would be overestimated when simply extrapolating
filtration rates established for individual specimens, which followed conclusions by Jansen
(2012) who reported a similar pattern for adult mussel communities. A small number of
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investigations combining filtration and nutrient regeneration have been reported, for
individual mussels (Hawkins & Bayne 1985, Smaal & Vonck 1997, Smaal et al. 1997b), or
intact mussel beds (Prins & Smaal 1994). More recently, a few studies looked at the effects
of intact suspended mussel culture communities including the associated fauna, flora,
and organic matter (AFFOM) on nutrient regeneration (Richard et al. 2006) or filtration
and nutrient regeneration in combination (Nizzoli et al. 2005, Jansen et al. 2011). Richard
et al. (2006) and Jansen et al. (2011) showed significant contributions of the associated
community to nutrient regeneration, which would be missed when simply extrapolating
nutrient regeneration rates established for individual specimens.

1.2.2. The role of bivalve seed collectors in nutrient cycling

Mussel seed exhibit a proportionally high metabolic activity. Metabolic rates scale
allometrically with the size of the animal (Smaal et al. 1997b, and review by Cranford et
al. 2011). The introduction of SMCs thus has the potential to result in increasing pressures
on the ecosystem from the mussels’ filtration and metabolic activity. A quantitative
understanding of the functioning of mussel seed assemblages has been lacking (e.g.
McKindsey et al. 2006). Model studies have suggested that the introduction of SMCs may
lead to overgrazing in the Oosterschelde bay (Troost 2013) and the Western Wadden Sea
(Brinkman 2013). In these scenarios, competition for food negatively impacts the carrying
capacity of the system for filter feeding species. This could lead, for example, to reduction
of stocks of the common cockle (Cerastoderma edule), an important food source for
various bird species of conservation concern. However, more recent insights (Jansen et
al. 2019) have contested the view that the Oosterschelde bay was overgrazed (Smaal et
al. 2013). Forecasting SMC production levels at which carrying capacity becomes affected
has proven difficult. Currently therefore, carrying capacity indicators are monitored and
updated regularly as the transition from wild seed fishery to seed collectors progresses
(Jansen et al. 2019, Craeymeersch et al. in prep). The top-down control of filtration by
SMCs on plankton has been investigated in the Western Wadden Sea (Jacobs 2015),
but community-level data on bottom-up control by SMCs to allow an evaluation of the
combined effects of SMCs on carrying capacity for filter-feeding populations has been
lacking. As the SMC season takes place during summer, this coincides with the period
when phytoplankton is nutrient limited (lhnken & Kromkamp 2011). Regenerated
nutrients may therefore directly benefit primary production rates in the system, potentially
counteracting the top-down control on phytoplankton.
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1.3. Scope and objectives of the thesis

Appraising the importance of community level interactions, the aim of this thesis was to
investigate the contribution of suspended mussel seed collector communities, including
AFFOM, to nutrient cycling. This was addressed via four objectives:

i) Quantify filtration and nutrient release by SMC communities;

ii) Develop a multi-element (N,P,Si) nutrient budget for an SMC community;

iii) Measure farm scale depletion of seston and accumulation of nutrients under
macrotidal conditions;

iv) Explore the top-down and bottom-up regulation of phytoplankton by mussel
seed, and evaluate its ecological relevance in the transition of wild seed fishery
to SMCs.

Figure 1.3 presents an overview of nutrient pathways investigated as part of the thesis,
with reference to chapters presenting empirical data.
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Figure 1.3. Overview of pools, flows and sinks related to nutrient processing by Seed Mussel
Collectors (SMCs). N=nitrogen, P=phosphorus, Si=silicon. Chapters 2, 4, 5, 6 report empirical data
collected on specific sections of the diagram, and are indicated by the chapter numbers.
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The focus of each chapter of the thesis, and how these relate to the objectives, is
highlighted next.

Chapter 1: General introduction
This chapter introduces the thesis and its subject matter.

Chapter 2: Growth and production of mussel seed on SMCs

This chapter starts by describing the mussel seed collection culture cycle and the transition
from mussel seed fishery to suspended culture seed collection taking place in the Dutch
mussel industry. Growth and production data of SMCs were analysed from the start of the
transition in 2010 until 2022, exploring factors that might affect the production efficiency
of the systems. This chapter contributes to objective iv.

Chapter 3: The role of cultured mussels in nutrient cycling

Here an overview is presented of the role of mussels in nutrient dynamics, outlining and
quantifying how mussels exert top-down and bottom-up feedbacks onto phytoplankton
communities, thus contributing to objective iv. The review includes a range of cultivation
areas worldwide.

The following chapters address nutrient dynamics specifically for mussel seed
(communities), with particular focus on bottom-up processes (nutrient regeneration), as
top-down processes were evaluated by Jacobs (2015).

Chapter 4: Nutrient regeneration by mussel seed communities

Nutrient dynamics of mussel seed communities (intact SMC sections) were empirically
studied using innovative mesocosms (floating chambers) in the Oosterschelde bay. The
contribution of an intact section of SMC rope community to nutrient cycling in terms of
uptake and release of nutrients is explored, including a discussion on stoichiometry of
dissolved nutrients, thus contributing to objectives i and ii.

Chapter 5: Nutrient regeneration from mussel seed biodeposits

Besides the direct excretion as addressed in Chapter 4, another important pathway of
nutrient regeneration is through the decomposition of biodeposits. The characteristics
and decomposition rates of feces and pseudofeces were studied separately, contributing
to objectives i and ii. This chapter provides insight in how both biodeposit fractions
differ in their contribution to nutrient recycling and how this influences stoichiometry of
dissolved nutrients.
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Chapter 6: Farm-scale feedbacks

We investigated the extent to which the top-down (filtration) and bottom-up (nutrient
regeneration) control pathways from SMCs were detectable in situ at the farm level,
addressing objective iii. This was done via a combination of a discrete sampling approach
and a towed glider equipped with sensors. Changes in seston and dissolved nutrients
were investigated along farm transects, inside and outside four commercial farms.

Chapter 7: Synthesis

Data presented in previous chapters is integrated into a simple model to construct a
nutrient budget for mussel seed throughout its production cycle (objective ii). These data
are then used to further explore the ecological role of mussel seed in the Oosterschelde
bay ecosystem by means of a set of indicators. This allows to evaluate the magnitude of
SMC impact on nutrient cycling in the host ecosystem, including the extent to which
nutrient regeneration from SMCs may constitute a positive feedback onto primary
production (objective iv).
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CHAPTER 2

Transitioning from Wild Seed
Fishery to Seed Mussel Collectors
(SMCs): Reviewing the Efficiency of
Collectors for Seed Provisioning in
Mussel Bottom Culture

Wouter van Broekhoven | Marnix R. van Stralen | Karin Troost |
Jacob J. Capelle

Aquacultural Engineering 105 (2024), 102414



Abstract

The availability of mussel seed is a critical aspect in mussel farming. Since 2009, the
Dutch mussel sector has been transitioning from wild seed fishery to suspended seed
collectors (Seed Mussel Collectors, or SMCs). Collector systems using either ropes or nets
as settlement substrate are placed in Oosterschelde Bay, the Wadden Sea, and the North
Sea annually. We analyzed detailed harvest data from 2010 until 2022, to investigate the
efficiency of different systems, identify differences between years and areas, and assess
how production can be optimized. Additionally, numerical density, biomass, and shell
lengths of mussels from 0.375 mm shell length were recorded on SMC ropes at one SMC
location during a full growth season to evaluate biomass-density relations and assess the
process of self-thinning on the ropes. Total harvest of SMC mussel seed increased over the
period 2010-2022, from 8.0 x 10° kg to 21.0 x 10° kg fresh weight. Harvest per unit substrate
was remarkably stable over the years across sites, with a lower mean in Oosterschelde
Bay (~2.56 kg m™) than in the Wadden Sea (~3.28 kg m™). Ropes were found to provide a
greater yield per unit area than nets, but nets are less labor-intensive to use. Occurrence of
density-dependent growth on the ropes was indicated by the allometric relation between
mussel biomass and mussel density. A positive relation between density and growth rate
suggested that competition increased with growth rate. In the growth data covering a
full SMC season, we first observed a rapid numerical increase as newly settled mussels
continued to grow into the measured size range. This was followed by a period of rapid
numerical reduction and increasing biomass, indicating self-thinning. Finally numerical
reduction stabilized and biomass increase accelerated coupled with comparatively
slower shell length increase. The self-thinning occurred between approximately 2.3 mm
and 11.6 mm mean shell length. Our analysis of 12 years of production data shows that
SMC seed is a robust and annually more reliable alternative to wild capture fishery as a
seed provisioning resource for mussel culture. Production per unit substrate does not
appear to be easily amenable to further improvement. Production per unit area showed
no indication of overstocking on the scale of the SMC plots, suggesting that production
gains could be made by increasing substrate density.
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2.1. Introduction

2.1.1. Mussel culture and mussel seed provisioning

Mussel culture is an extensive aquaculture practice, relying on natural feed, and requiring
mussel seed as an input resource (Smaal et al. 2019). This seed is usually collected from
benthic wild mussel seed stocks orfrom suspended collectors (Kamermans & Capelle 2019).
The large year-to-year variability in recruitment success on wild mussel beds in the most
important source area in the Netherlands, the Wadden Sea, is not explained well by any
single factor (Van Der Meer et al. 2019), and variation in seed availability contributes to the
steady decline of EU mussel production (Smaal 2002, Avdelas et al. 2021). Environmental
factors that affect variation in seed recruitment include hydrodynamics (Fuentes-Santos &
Labarta 2015), predator-population dynamics (Beukema 1982), and food supply (Phillips
2004).

Policy, regulations, and restrictions also affect availability of bivalve seed for aquaculture.
Concerns about environmental effects of wild seed fishery have led to policy and
regulations that set limits for wild seed harvesting in various areas (Nehls et al. 1997,
Kaiser et al. 1998, Pifeiro-Corbeira et al. 2018). The same applies in the Dutch Wadden
Sea, where mussel seed fished from wild seed beds has been re-laid on subtidal culture
lease plots to grow to commercial size since the 19* century. Until harvest, mussels are
generally relocated between one and three times between plots to increase growth rate,
reduce density, or reduce losses due to dislodgement. Other active management includes
removal of starfish (a major predator of mussels) and removal of silt from the plots after
harvest (for details see Jansen et al. 2023). The average ratio between mussel biomass at
any given point in the culture cycle, and seeded mussel biomass, is highly variable but
on average sits between 1.3 and 2.8, depending on mussel size at seeding (Capelle et al.
2016). In the Dutch Wadden Sea, fishing for mussel seed has been strictly regulated since
the 1990s via exclusion from intertidal areas and via the application of food reserve floor
levels for birds: shellfish population levels below which the fishery would be reduced or
halted. This led to court battles between several environmental NGOs (ENGOs) and the
mussel industry. In a 2008 court case brought by ENGOs, the Council of State ruled that
mussel seed fishery licensing occurred unlawfully since it conflicted with the European
Birds and Habitats Directives. The ruling threatened the existence of the Dutch mussel
industry since it depended on mussel seed fishery in the Wadden Sea to obtain mussel
seed as its input resource. To prevent further conflict, the Ministry of Agriculture, Nature,
and Food Quality, four ENGOs, and the mussel producers’ organization jointly set out,
in a covenant, a “transition” process from wild seed fishery to alternative means of seed
provision. The main points agreed in the covenant are that (i) ENGOs will cease legal
challenges against fishery permits, and (ii) the Dutch Wadden Sea will gradually be closed
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to mussel seed fishery, under the condition that the mussel industry is given sufficient
time to develop alternative means for resource provisioning (Van Hoof 2012).

2.1.2. Seed Mussel Collectors as an alternative seed source

Experiments with seed mussel collectors (SMCs) as an alternative to wild seed started in
the Netherlands at the beginning of the 21 century (Kamermans et al. 2002). The aim
was to obtain a more reliable seed supply, since the availability of wild mussel seed
fluctuated naturally. The covenant accelerated development from 2008, and the use of
SMCs increased steadily until about 2015, after which total substrate deployed fluctuated
around the same level.

As part of the covenant, the Wadden Sea is closed to wild seed fishery in a stepwise process,
matching the pace of development of alternative seed supply. The aim of the covenant is
to obtain 100% of the industry’s mussel seed demand from SMCs, thus abolishing all seed
fishery on wild mussel beds. To date, four steps have been fulfilled: (1) 14% of subtidal
areas containing mussel seed beds were closed in 2010, corresponding to a seed supply
of 5.5 x 10° kg; (2) this area increased to 28% in 2014 with areas without current mussel
beds but historically known to form mussel seed beds, corresponding to a cumulative 11
x 106 kg of seed supply; (3) in 2021 a third step of 7.7% closure (total 35.7%, corresponding
to a cumulative seed supply of 14 x 10° kg. And a fourth step in 2022 to a total of 50%
closure. Two more steps are foreseen: (1) 65% total closure by 2026, and 2) 100% by 2029,
conditional on an assessment to be made in 2026 whether this will be feasible while
maintaining a viable mussel industry.

Various studies have compared the performance characteristics of seed from collectors
with seed from wild mussel beds. Mussels from suspended collectors have been shown
to display more aggregation activity (Christensen et al. 2015). However, Kamermans et
al. (2009) found no predation preference by crabs and starfish on mussels from various
sources. Comparing performance of mussel seed from collector ropes and from intertidal
rocky shores on raft culture in Spanish Rias, Fuentes et al. (1998) and Babarro et al.
(2000) found no difference in terms of growth rate and mortality, and condition index,
respectively. A monitoring program in the Netherlands found no major differences in
overall performance between seed from SMCs and seed from fishery on wild mussel
beds (in autumn and spring). The only differences could be related to mussel seed size
(Capelle et al. 2016): a smaller seed size when seeding results in a higher overall yield.
However, production of mussel seed via SMCs is much more labor-intensive than wild
seed fishery, and the cost is estimated as five to six times higher (Van Oostenbrugge et al.
2018). Consequently, there is a demand for significantly higher production efficiency of
mussel seed harvested from SMCs.
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2.1.3. Aims of this paper

Our aims are: 1) to evaluate the efficiency of the different SMC systems, 2) to identify
potential differences between areas and any universal trends observed across SMC
systems and areas, and 3) to assess whether production per unit of SMC system (e.g. m of
culture rope), or per unit area (e.g. ha of SMC lease plot), can be optimized. The available
data sets allowed to assess the influence on production of: deployment area, collector
type, mussel seed density-biomass relations, SMC system density, and adverse events.

At the beginning of the covenant, the SMCs were a new technique for the Dutch mussel
sector, and development and scaling up were driven by trial and error. Therefore, we
expected to find an increase over time in harvest per unit substrate (substrate production
efficiency, kg m), and in terms of harvest per unit area (plot production efficiency, kg ha-
1), since performance was expected to improve. Similarly, we expected to find a reduction
of both types of production efficiency at high SMC densities per unit area (rope length
or net surface ha), as the boundaries of optimal production are explored. To test these
hypotheses we investigated if production efficiency is affected by (a) growth rates of
mussel seed on SMCs, (b) density of mussel seed on SMCs, and (c) density of SMCs per
unit area.

2.2. Material and methods

2.2.1. Dutch mussel industry and SMC deployment

In 2018, the Dutch mussel industry consisted of 88 registered companies, 51 mussel
fishing vessels, plus a smaller number of specialized vessels dedicated to rope culture,
SMC operation, or facilitating commercial trade handling activities such as shuttling
traded mussels between the auction and temporary holding plots (Van Oostenbrugge
et al. 2018). Annual mussel production from 2001 to 2021 ranged from 30 x 10° kg to
68 x 10° kg fresh weight, with an average of 46 x 10° kg (https://agrimatie.nl/). Most
mussels are grown on bottom lease plots, situated in the south-west of the country in the
Oosterschelde Bay (2,250 ha on 319 plots), and in the north in the Wadden Sea (6,884 ha
on 458 plots). A smaller surface area is licensed specifically for SMCs (Figure 2.1), divided
over three regions: the Wadden Sea (blocks of a total of 708 ha divided into 281 ha of
licensed plots, of which 222 ha was used in 2022), the North Sea (a block of 65 ha divided
into 27 ha of licensed plots, of which 15 ha was used in 2022), and Oosterschelde Bay
(blocks of 316 ha divided into 116 ha of licensed plots, of which 40 ha was used in 2022).
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Figure 2.1. SMC sites in use in the Netherlands (2022): 1 = Neeltje Jans (65 ha); 2 = Schaar van
Colijnsplaat (28 ha); 3 =Vuilbaard (46 ha); 4 =Vondelingen Noord (40 ha); 5 = BH Gat (North Sea - 60
ha); 6 = Malzwin (55 ha); 7 = Zuidwal (50 ha); 8 = Burgzand (100 ha); 9 = Vogelzand (140 ha); 10 =
Gat van Stompe (75 ha); 11 = Zuidmeep 80 ha. G = Galgeplaat: not in use in 2022 but source of self-
thinning data in this study. Shellfish bottom lease plots are shown for reference.

North Sea 5

2.2.2, SMC systems

The covenant incentivized mussel farmers to invest in SMCs from 2008 onwards. This
led to a wide variety of systems and experiments (Poelman & Kamermans). A general
distinction can be made between rope-based and net-based systems. Belt collector
substrates, such as deployed in Taylor et al. (2019) were never tested. Rope systems use
filamentous rope onto which mussels can attach, and can be categorized as (a) wound
around rigid structures placed on the seabed, (b) suspended longlines continuously
looped from a buoyed main line, (c) suspended horizontally between tubes (for shallow
areas). Net-based systems can be categorized as nets suspended (a) under buoys or tubes,
and (b) under rafts. Examples are shown in Figure 2.2. Systems are anchored with plough
anchors, concrete blocks, anchor piles (ground anchors at sea floor level), or at the water
surface on metal poles. From the wide array of experimental systems at the start of the
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transition, most disappeared over time due to impracticalities, or company take-overs. By
2022 two systems remained: (a) continuous longlines under a buoyed main line, and (b)
suspended nets under tubes (110 m x 3-4 m). Until 2015, a proprietary system with nets
suspended under rafts was implemented on a relatively large scale in Oosterschelde Bay
by a single mussel farmer. These systems were characterized by a high density of substrate
per farmed area. However, they yielded a lower harvest per square meter of substrate
compared to other net-based systems (see paragraph 2.3.5).

Figure 2.2. Examples of SMC systems: (a) lines wound around rigid structures placed on the seabed;
(b) longlines suspended in continuous vertical loops under buoys; (c) lines suspended horizontally
between tubes; (d) suspended nets under rafts; (e) suspended nets under buoys or tubes.

2.2.3. Data collection

SMC production monitoring

The data used to investigate production efficiencies including the effects of density-
dependent growth, and differences between SMC systems and areas, were obtained from
the production monitoring program. Mussel farmers using SMCs are required to report
production statistics annually via two separate registration forms: (1) specification of SMC
systems deployed, number of systems, amount of substrate, area, type of anchorage, and
hours spent; and (2) SMC harvest (Wet Weight) for each day, with specification of date,
number of systems harvested, first or consecutive harvest, hours spent, harvested volume
(in the legacy unit“mussel ton” = 100 kg), size of the mussel seed (volumetric index‘bustal’
= number of mussels that fit in a 880 ml tin can, converted to grams following Capelle
et al. (2016)), presence of starfish, destination (specific bottom or rope plot where the
mussel seed will be brought to for growing out further), and any incidents or unusual
observations. Mussel density (number) per unit substrate was calculated by dividing the
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biomass (g) per unit substrate (m or m?) by the average mussel weight (g). The most recent
results are reported by Capelle (2023).

We calculated the substrate production efficiency as kg harvest per m rope or per m? net.
In order to compare efficiency between rope and net systems, a Rope Equivalent (REQq)
index was calculated by dividing the mean annual efficiency of nets (kg m?) by that of
ropes (kg m™). This unit represents the length (m) of rope needed to obtain a similar
harvest as 1 m? of net. Over the period 2010-2022, the REq was 12.0 m.

SMC systems are deployed from March until May, with most activity occurring in April.
Regulations stipulate that SMCs be removed before November 1. Harvest of seed takes
place from late June until early October. Mussel farmers generally aim to harvest before
large aggregations of mussels start to detach and fall off.

SMC growth data

The production data (paragraph 2.3.1) did not permit direct investigation of the effect of
self-thinning (Fréchette et al. 2010) on the development of mussel seed density (# m™)
and biomass (g AFDW m). Instead, data originally presented by van Broekhoven et al.
(2014) were re-evaluated for this purpose. This dataset comprised mussel seed numerical
and biomass densities on collector rope sections on six sampling dates (27 June, 11 and
25 July, and 9, 14, and 22 August) spanning the 2012 growing season at Galgeplaat, an
SMC location in Oosterschelde Bay (G in Figure 2.1, currently inactive). The rope sections
were placed on 4 May, and samples were taken starting from shortly after first observed
settlement in large numbers, to the point of harvest which took place within days of last
sample. The methods used are described by van Broekhoven et al. (2014).

2.2.4, Data analysis

Data exploration prior to the analysis was carried out following the protocol in Zuur et
al. (2010), where appropriate. For each statistical model, histograms of residuals were
produced to get an impression of normality. Residual diagnostic plots were used to obtain
indications of heteroscedasticity and acf plots were used to detect autocorrelation for the
models when appropriate.

2.2.5. SMC Effort and Mussel Seed Production Over Time

We analyzed trends in total harvest per year for each type of system (ropes or nets),
with data available from 2011 to 2022, and for each area (Wadden Sea, North Sea, and
Oosterschelde Bay), with data available from 2006 to 2022. Additionally, we examined
seed collection effort, defined as the amount of substrate used in terms of length of rope
(km) for rope substrate and length of Rope Equivalent (km) for net substrate, available
from 2010 to 2022.
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Given the nonlinear nature of both total harvest per year and effort over the study period,
we employed generalized additive modelling (GAM) for analysis. GAMs were constructed
in R using the‘'mgcv’ package (Wood 2011), and model diagnostics were conducted using
the 'DHARMa’ package (Hartig 2022).

All GAM models utilized cubic spline regression, with parameter estimation performed
using Restricted Maximum Likelihood (REML). We modelled total harvest per year using
an unpenalized smoother, while for harvest trends over time at different locations, efforts
(km rope eq), and types of systems (ropes vs. nets), we employed a penalized smoother.
To address heteroscedasticity in the relationship between effort and location, we applied
a Tweedie distribution.

Model summaries, diagnostic plots, and partial effects for all GAM models are provided as
supplementary material.

SMC mussel growth rates

Average annual growth rate (whole mussel wet weight [WW1] per day [d]) on ropes was
estimated for each of the last 12 years (2011-2022) by using the exponent of the slope from
the log-log relation between size of the mussel at harvest and Julian day number (Figure
S10). A distinction was made between the areas (Oosterschelde Bay and Wadden Sea), but
not between locations within those areas. The North Sea SMC site was disregarded since
it only represented an individual location.

Density-dependent growth

The relationship between the harvest per unit substrate (kg m”, with REq for nets) and
the growth rate of mussels was analyzed using a multiple regression analysis. This analysis
incorporated year and area (Wadden Sea or Oosterschelde Bay) as covariates to account for
their potential effects. Furthermore, a parallel analysis was conducted using the average
density of mussels per unit substrate as the explanatory variable, as mussel growth may
exhibit density-dependent dynamics.

The occurrence of density-dependent growth on the ropes was evaluated by the relation
between estimated mussel density per unit substrate at harvest (N, # m™) and harvested
biomass per unit substrate (B, kg m™), where a curvilinear relation would suggest density-
dependent growth (Fréchette et al. 2010). For July and August, the number of harvest
observations was deemed sufficient (>50, Wilson Van Voorhis & Morgan 2007) for this
analysis. An F-test was employed to compare the suitability of a curvilinear model against
a linear model using data pooled over the most recent years. Specifically, observations
from the years 2016 to 2022 for the months of July and August were assessed separately
for alog-log fit using an F-test.
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Self-thinning

Specific investigation of self-thinning on ropes over the course of a growth season was
based on growth data (density, # m”, and mean individual biomass, mg AFDW ind")
from one SMC location (paragraph 0). Hypothetical trajectories of density (# m™), mean
individual biomass (mg AFDW m), and biomass per unit culture rope (g AFDW m), were
calculated by means of fitted mathematical functions. Specifically, a cubic spline was fitted
to the density data (calculated in R version 3.5.1 using function interpSpline in package
spline), and a power function was fitted to the mean individual biomass data. Biomass per
unit culture rope was calculated as the product of these two parameters.

Production efficiencies per SMC location and area

Differences in seed production efficiencies between SMC locations (see Figure 2.1) and
area (Wadden Sea, North Sea, and Oosterschelde Bay), were evaluated in terms of total
harvest (kg) and harvest per unit substrate (kg m™, with REq for nets), using a two-way
analysis of variance and a post hoc Tukey HSD test. Harvest per unit area (kg ha™) was
log-transformed to normalize model residuals. Trends in harvest per unit substrate (kg
m~, with REq for nets), substrate density (km ha'), and harvest per unit area (kg ha”)
were analyzed per area with a linear model. Substrate density in the North Sea and
Oosterschelde Bay, and harvest per unit area in Oosterschelde Bay, were log-transformed
to normalize residuals. Also, differences in harvest per unit area between nets and ropes
were tested with a linear model for the different areas.

The correlation between harvest per unit substrate (kg m™ (REq)) and substrate density
(km (REq) ha) for the three production locations with the highest mean annual harvest
over the period 2010-2022 (Vogelzand, Zuidmeep, and Gat van Stompe) was analyzed
with a Kendall rank correlation procedure, after a Shapiro-Wilk test indicated a non-normal
distribution of underlying variables.

2.3. Results

2.3.1. Deployment effort and mussel seed production over time

Seed collection effort, as defined by overall SMC placement (km of rope, or km REq for nets),
exhibited a substantial increase from 2,580 km in 2010 to 6,565 km in 2022 (Figure 2.3a),
with a significant difference between the areas (p<0.001, Table S3). Most of the SMCs were
deployed in the Wadden Sea, comprising 81% of the total in 2022. SMC usage in this area
exhibited an upward trend until 2016, after which it plateaued (Table S3, Figure S5). In the
North Sea, SMC use also demonstrated an overall positive trend over time (p=0.01, Table
S3, Figure S5). There is also a significant change in production over time in Oosterschelde
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Bay (p<0.001, Table S3), but this trend is more complicated, with in increase up to 2013,
followed by a decrease until 2018/2019 after which the trend increases again (Figure S5).

Area . North Sea L Oosterschelde Wadden Sea Area . All (2006) . North Sea Oosterschelde Wadden Sea
] -
T 6000 | ! R -
w — B H || | © B ||
[i4 | | - e .
€ | o -—
£ — | 215 —
=3 | —
© 4000 \ =
= |
s e | 3
13 | | 2 10 fe—
S _‘; | kS ==
2 2000 | 8}
S = 5
© 7] —
0 o N
© & & ® ¥ v © ~ ® o o T o © N @ 9 O T N @Y LON~N®O O T N
g £ ¢ g I 2 2 = 2 2 8 5 8 €588z & 8§ 8 &
S 2 5 5 & & &5 & & & & & ¢ S 3833359 555550955 s s 88
N N N~ N N N N N ~N N N N N N4 § & & 8§ 8§ 38 3 83§«
Area [ non o Wadden Sea Substrate [ net | rope
80
® “ | [ ]
- =
X g =]
2 -
: \ - u
> ‘ =
@ =
% 40 J 3 .
= 2 10
3 i 5
Q =
»
= 20 w Q
[} S 5
2 I I 2
=]
=
0 0

1990
2000
2010
2020
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022

Figure 2.3. (a) Annual amount of substrate deployed (REq in case of nets) in the three SMC areas in
the Netherlands; (b) Annual SMC harvest in the same areas since 2006; (c) Annual seed production
from seed fisheries in the Netherlands since 1991 in the same areas (Westerschelde included with
North Sea); (d) Annual SMC harvest for net and rope systems; data available separately since 2011.

Total annual harvest of SMC mussel seed increased over the period 2006-2022, from 1.0
x 10° kg in 2006 to 20.8 x 10° kg in 2022 (Figure 2.3b, p<0.001, Table S1). This contrasts
with the harvest from mussel seed fisheries (Figure 2.3c), which showed no clear trend
since approximately 2006. SMC harvest differs between regions (p<0.001, Table S2): in the
Wadden Sea (p<0.001, Table S2) and the North Sea (p<0.001, Table S2) it increased over this
period (Figure S3). Harvest from Oosterschelde Bay also changes over time (p<0.001, Table
S2), but in a similar pattern as for the amount of substrate: an increase up to 2012/2013,
followed by a decrease up to 2018 and since then increasing (Figure S3).

Since 2011 data was available to distinguish between rope systems and net systems in
the harvest reports (Figure 2.3d). Harvest from rope systems displayed an increasing trend
since 2011 (p<0.001, Table S4), whereas harvest from net systems showed no significant
trend (Figure S7).
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2.3.2. SMC mussel growth rates

A positive and significant relationship was observed between the estimated growth rates
of mussel seed on ropes from the Wadden Sea and from Oosterschelde Bay (F(1’1O)=5.57,
p=0.04, R?>=0.58, Figure S9). This indicates that growth rates followed similar patterns in
both regions.

2.3.3. Density-dependent growth

The Pearson correlation coefficient between the estimated growth rate, and the mussel
density at harvest, was 0.40 (Figure 2.4a). This relationship was statistically significant
(t-test, p<0.001). In the analysis of the relationship between either growth rate or density,
and harvest per unit substrate (Table S5 and Table S6), the model based on mussel
density yielded the lowest Akaike Information Criterion (AIC) value and was consequently
selected, while the other model (based on growth rate) was discarded. In the combined
data of Oosterschelde Bay and Wadden Sea (the North Sea location was disregarded in
the multiple regression since it was a single site, only consistently used by one farmer
with net-based systems), the average harvest per unit substrate was found to be higher
when the averaged mussel density was higher at harvest (F(1,22)=30, p<0.001, Figure
2.4b, Table S6). There was no significant difference between the two areas. Moreover, a
logarithmic curvilinear relationship between averaged harvest per unit substrate and
averaged mussel density provided a significantly better fit (F-test, p<0.001) compared to
a linear relationship.

The density-biomass relation was explored in more detail using the data for each reported
harvest activity in the more recent period 2016-2022. A power relation between mussel
density per unit substrate (N, # m”) and harvest per unit substrate (B, kg m™), provided
a better fit (July F(1'460)=134 p<0.001, August: F“,789)=801, <0.001, Table S7 and Table S8)
for both months than a linear relation (Figure 2.5): July (F(1’460)=481.1, p<0.001), August
(F 1 789=1139, p<0.001). The power function is remarkably similar between both months
(July: B=0.01*N°¢"; August: B=0.01*N°¢2). This similarity suggests a comparable density
dependence of growth on ropes between months, although size (median July = 0.27
g; August = 0.38 g) and density (median July = 12,174 seed m™'; August = 8,729 seed )
differed.
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2.3.4. Self-thinning

In the growth data covering a full SMC season at the Galgeplaat SMC (G in Figure 2.1; Figure
2.6), numerical mussel density first increased rapidly and subsequently rapidly reduced,
together with an increase of mussel biomass, before finally levelling out together with an
accelerating mussel biomass increase. Towards the end of the observation period (from
day 97), mean shell length increased more slowly than mean individual biomass.
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Figure 2.6. Symbols represent mussel density, mean individual tissue mass, and shell length on
the Galgeplaat SMC in Oosterschelde Bay during the 2012 season, from 27 June (day 54 from SMC
deployment) to 22 August (day 110 from SMC deployment). The curves for density and mean mussel
biomass were fitted to the data visualize the hypothetical trajectory over time as an approximation.
The dashed line shows the product of these two parameters, indicating the hypothetical tissue
biomass per unit rope. Mean shell length observations are connected by straight lines. Error bars
indicate SD (n=5 ropes). The vertical dashed lines separate three apparent phases in the density of
mussels on the ropes: i) increase, ii) decrease, iii) stabilization accompanied by accelerating biomass
increase.

2.3.5. Production efficiencies per SMC location and area

Not all SMC locations (see Figure 2.1) were used intensively. Mean annual production
per location from 2015-2022 is summarized in Figure 2.7a. Over this period, the majority
of SMC seed (85% since 2015) was produced in the Wadden Sea. Overall, mean annual
harvest (kg) and mean annual harvest per unit substrate (kg m™ (REq), Figure 2.7b) differed
between locations (F,,,=17, p<0.001, Table S9 and F |, =2, p=0.03, Table $10). Of note is
the proprietary system with nets suspended under rafts was implemented on a relatively
large scale in Oosterschelde Bay by a single mussel farmer who ceased operations after
2015. These systems were characterized by a high density of substrate per farmed area, but
a lower harvest per square meter of substrate compared to other net-based systems. For
instance, in Oosterschelde Bay in 2015, the substrate density for rafts with nets was 10,692
m? ha, whereas other net-based systems had a substrate density of 1,591 m? ha™'. However,
the harvest from the former was 13.9 kg m?, whereas the latter yielded 36.5 kg m2.
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Figure 2.7.(a) mean annual harvest per SMClocation, and (b) mean annual harvest per unit substrate
(kg m™ (REQ)), for the different SMC locations over the years 2015 to 2022 (error bars show standard
deviation). Colors indicate SMC production area: yellow represents Wadden Sea, blue Oosterschelde
Bay, and grey North Sea, letters indicate significance with an a-level of 0.05.

There was a significant increase in substrate density in all three areas (km (REq) ha™)
(Figure 2.8, left panel set and Table S11). Between 2010 and 2022, an increase in efficiency
in SMC harvest per unit substrate (kg m™ (REqQ)) was only found in the Oosterschelde Bay
area (Figure 2.8, right panel set and Table S11). The mean harvest per unit substrate in
Oosterschelde Bay was significantly lower (p<0.001) than in the Wadden Sea (Table 2.1).
Harvest per unit substrate in the North Sea was also higher than in Oosterschelde Bay
(p=0.002), while there was no significant difference between the Wadden Sea and the
North Sea. This difference was caused by a lower density of mussels on ropes (# m™) in
Oosterschelde Bay and not by size differences at harvest (Table 2.1).
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Figure 2.8. Left panels: annual mean substrate density (km (REq) ha™). Right panels: annual mean
SMC harvest per unit substrate (kg m™ (REq)). Error bars show standard error; trend:™ not significant,
* p<0.05, ** p<0.01, *** p<0.001.
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When considering all the data together, the harvest per unit area (Mg ha') showed an
overallincrease overtime (F , . .=3, p=0.006, Table S11a). There were significant differences
in the harvest per unit area between areas (F(2'56)=10, p<0.001) and between substrate
types (F“’56)=16, p<0.001). Furthermore, there were distinct differences in the trends
between areas and substrate types, as indicated by the significant interaction between

area and substrate type (F . .=13, p<0.001).

(2,56)

Table 2.1. Harvest per unit substrate per area, with mussel density and mean mussel biomass.

Area Harvest biomass Mussel density on substrate Mean mussel biomass
(kg m! (REq) substrate (# m™ (REq)) (9)
+s.e.m.)

Oosterschelde Bay 2.57+£0.10 7967 0.46

Wadden Sea 3.27 £0.07 9646 0.37

North Sea 3.30+0.22 9556 0.46

Specifically, the harvest per hectare in Oosterschelde Bay showed a substantial increase
for ropes (t,,)=5.4, p<0.001), while it did not change significantly for nets (Figure 2.9).
Conversely, in the North Sea (t(”):5.4, p=0.006) and Wadden Sea (t(m=3.7, p=0.003), there
was an opposite trend, with nets showing an increase in harvest per hectare, while ropes
did not exhibit a significant trend (Table S12). The relation between harvest per unit
substrate (kg m™) and substrate density (km ha™) was tested for the top-three largest SMC
locations with the highest mean annual harvest (all in the Wadden Sea and rope-based):
Vogelzand (140 ha), Zuidmeep (80 ha) and Gat van Stompe (75 ha). No significant trend
was found (Figure 2.10).
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Figure 2.9. Mean harvest of SMC seed per unit area from rope and net-based systems in the three
production areas. Lines indicate significant trends.
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Figure 2.10. Relation between harvest per unit substrate (kg m™ (REq)) and substrate density (km
ha™) for the three SMC areas with the highest mean annual harvest over the period 2010-2022. No
significant trend was found.

2.4. Discussion

2.4.1. Production of mussel seed with SMCs

Analysis of 12 years of production data reveals that, from a biological perspective, seed
collection is essentially self-regulating. Harvest per unit substrate did not show large
inter-annual fluctuations between areas and between years (Figure 2.8), especially when
compared to natural recruitment into wild mussel seed beds, which is much more erratic
(Van Der Meer et al. 2019). Therefore, the increase in production over time and differences
between areas can be explained by the increase in effort.

A variety of adverse events occurred over the years. The most prominent issues that
have been reported that negatively affected yields and/or that required a large effort to
mitigate, are summarized in Table 2.2. However, the only event that shows up as a lower
value in overall production data was fouling by other organisms in Oosterschelde Bay in
2021 and 2022. Fouling on SMCs is often reported to be a problem, especially on nets in
Oosterschelde Bay. Problematic fouling species are the ascidians Ciona intestinalis, Molgula
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manhattensis and Styela clava and the crustaceans Monocorophium acherusicum and Jassa
falcata. This is considered to be the main reason why, at least for net-based systems, yields
are generally lower in Oosterschelde Bay than in the Wadden Sea. The reason that nets are
more prone to fouling is unclear, but, speculatively, might be related to nets creating more
sheltered conditions than ropes. In 2021 and 2022, massive settlement of the bryozoan
Electra pilosa on the substrate occurred at most locations. This has caused problems with
harvesting and resulted in high tare (non-mussel material) percentages of the harvest.
Rope substrate was especially affected, in Oosterschelde Bay and North Sea in 2021. This
is reflected in a lower harvest per unit substrate and per unit area (for example, see Figure
2.8 and Figure 2.9). Apart from this recent problem, SMCs have generally proven to be a
robust source of mussel seed.

The lack of a reliable seed provisioning source is referred to by studies from all parts of
the world as a principal factor that limits mussel production (Fuentes & Molares 1994,
Jeffs et al. 1999, Maguire et al. 2007, Laxmilatha et al. 2011, Kamermans & Capelle 2019,
Avdelas et al. 2021). The nature of this problem is the dependency of extensive bivalve
culture on natural processes, starting with recruitment for the provisioning of seed. In
our study area, recruitment of mussel seed on natural mussel beds can show large
annual variability (Dankers & Koelemaij 1989, Beukema & Dekker 2007, Van Der Meer et
al. 2019). However, the high annual variability in larval abundance and settlement does
not appear to translate to recruitment success on SMCs and cannot be used to explain
spatial variation (Zhao et al., submitted). On natural mussel beds, De Vooys (1999) was
unable to find a relation between the adult mussel stock and the number of plantigrades,
and between the number of plantigrades and recruitment. This suggests that mussel bed
recruitment is limited by other factors, in which habitat availability and predator dynamics
seem to be key processes (van der Heide et al. 2014). These factors do not appear to play
a role with SMCs. Here, artificial settling material is introduced every year and is therefore
sufficiently available. Also, no observations were made of benthic or pelagic predators
hampering mussel seed production. The heavy starfish predation in 2011 did not result in
lower yields (Table 2.2). In other areas of the world, predation on suspended culture at this
stage can be substantial, for example by fish (Peteiro et al. 2010, Segvic’-Bubic’ etal.2011),
or by waterfowl (Varennes et al. 2013). The overall absence of such major effects on SMCs
appeared to result in a predictable harvest with low variation per unit of substrate (kg m™
(REq)) and in a reliable seed supply.



40 | Chapter2

Table 2.2. Most prominent major reported issues that negatively affected SMC production (only
Electra pilosa fouling) and/or required a large effort to mitigate.

Year Location Cause
2011 Oosterschelde Bay and Massive starfish (Asterias rubens) settlement on SMCs. A significant
Wadden Sea manual cleaning effort was made but the mussels outgrew the
starfish and untreated ropes ultimately produced equal amounts of
seed.
2015 Wadden Sea Summer storm in June damaged and entangled systems. No clear

yield reduction followed.

2016 Oosterschelde Bay Mass mortality event resulted in loss of most mussel seed in parts
of the Bay, but overall Oosterschelde Bay production was not clearly
affected.

2018 Wadden Sea Unusual levels of fall-offs from net substrate caused by silt

accumulation between mussels and substrate reduced yield. This did
not clearly affect production.

2021 All locations Heavy fouling with Electra pilosa causing problems with harvesting,
2022 Wadden Sea resulting in reduced harvest per unit substrate and per unit area.

2.4.2. Variation in harvest efficiency

Despite years of development in seed collection techniques, harvest per unit substrate (kg
m™ (REq)) did not increase significantly (Figure 2.8) and no indicators were found in our
analysis as to how this could be improved. Harvest per unit substrate fluctuated around 3
kg m™ (REq) in all three areas; Oosterschelde Bay reached this level after cessation of the
single dominant net-based production location that was producing lower levels of harvest
per unit substrate until 2015, using a proprietary multi-net raft system (paragraph 2.2.2
and Figure 2.2d). The lower harvest per unit substrate of the raft systems does show that
not all tested substrates have achieved the same level of performance. The disappearance
of this system also exemplifies that less productive and less practical SMC systems were
phased out by trial and error, to the extent that, after 10 years, only two viable systems
remain. At the North Sea production location, high harvest per unit substrate levels of
approximately 4.5 kg m™” (REq) were reached in 2015 and 2017, but the mechanism behind
this is not clear.

In terms of production per unit area (kg ha), no indications of overstocking were found as
this would have led to reduction at higher substrate densities (km (REq) ha), which was
not observed (Figure 2.10). No data are available to determine whether variation within
the SMC systems occurs, such as reduced efficiency in the center of SMC clusters resulting
from seston depletion (Strohmeier et al. 2005, Cranford et al. 2008, 2014). However, seston
depletion is associated with low current speeds, where rope or net systems further reduce
the current. Contrary to suspended mussel culture, which is usually found in sheltered
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areas to avoid mussel fall-offs (Drapeau et al. 2006, Aure et al. 2007), seed collection for
mussel bottom culture using SMCs occurs at exposed sites (maps in Capelle 2023) where
current velocities are relatively high and can reach 1 m s (Nienhuis & Smaal 19943, Jiang
etal.2019).

At the substrate level, a lower seed density (# m™ (REQq)) resulted in a lower harvest in
Oosterschelde Bay than in the Wadden Sea and the North Sea (Table 2.1). This was not due
to differences in growth rate, since this was not found to differ between Qosterschelde
Bay and Waddenzee. Between years, harvest per unit substrate was remarkably stable.
Considering that larval supply and settlement were not limiting (Zhao et al.,, submitted),
this stability suggests environmental factors as driving forces of the lower numerical
density and thus lower harvest per unit substrate in Oosterschelde Bay. However, it is not
clear which environmental factors are responsible. Oosterschelde Bay is a semi-closed
off basin, in contrast to the North Sea and Wadden Sea. The Wadden Sea is an open and
much more dynamic environment than Oosterschelde Bay, with greater current velocities,
greater food concentrations, but lower food quality (Capelle et al. 2021)’and the North
Sea SMC location is even more physically exposed than the Wadden Sea. In the North Sea
we found higher densities of mussels, with similar sizes as in Oosterschelde Bay or the
Wadden Sea. Food availability is higher in the North Sea than in Oosterschelde Bay (Smaal
& van Stralen 1990) and probably also in the Wadden Sea, which suggests that not only
space, but also food availability, modulates density on the SMCs.

2.4.3. Density-dependent growth

The allometric relation between mussel biomass and mussel density (# m™ (REq), Figure
2.5) corresponds with the occurrence of density-dependent growth on the ropes, which
is expected, because the availability of substrate is limited (Fréchette et al. 1992, Guifiez
2005). Growth rate was inversely related to density per unit substrate, and density per unit
substrate was positively related to harvest per unit substrate (Figure 2.4), suggesting that
competition for space and / or for food at the substrate level increases with growth rate.

2.4.4. Self-thinning

We complemented the 2010 to 2022 SMC seed production data set with observations
at the Galgeplaat SMC location (Figure 2.6), where we observed mussel growth on
culture ropes throughout a full mussel seed growing season. In the available literature,
the development of densities, numbers, and biomass are not well described in the early
stages of growth. For example, although Lachance-Bernard et al. (2010) argued that
smaller mussels should be included in the study of self-thinning processes on mussel
longlines because this captures more of the high mortality rates in early life, the authors
stillimplemented a 5 mm shell length cutoff to accommodate methodological constraints
in quantifying small specimens. In contrast, we were able to study the process from a much
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smaller lower shell length limit of 0.375 mm. Based on the trajectory of mussel density on
the ropes we distinguish three apparent developmental phases (indicated by vertical lines
in Figure 2.6): a first phase in which density increased, a second phase in which density
decreased, and a third phase in which density stabilized, accompanied by an accelerating
biomass increase and a comparatively slower shell length growth. Numerical reduction,
and thus self-thinning, dominated in the second phase. This phase corresponded to a
mean shell length of around 2.3 mm (day 68 from SMC deployment, 11 July) to 11.6 mm
(day 97, 9 August) (van Broekhoven et al. 2014). Our data do not permit to distinguish
between possible mechanisms of self-thinning. South et al. (2020), investigated Perna
canaliculus seeded on ropes from a shell length of around 2 mm, a similar size as the
start of the second phase in our data. These authors reported a combination of mortality,
secondary settlement, and a proportion with an unknown fate. In both studies, the
majority of mussels in this small size range were lost: 76% in our study and up to 85% in
South et al., (2020). The general sequence observed on ropes can be expected to also take
place on nets since these consist of ropes. We do not expect the lack of perpendicular
filaments on nets, which are typically abundant on SMC ropes, to result in fundamentally
different dynamics. A possible difference might occur if ropes and nets would be left in
the water for extended periods of time, and fall-off of aggregations formed by mussels
and associated species and organic material starts to occur. On nets, mats can form along
a two-dimensional plane which does not exist on ropes. However, harvest of SMCs is
typically aimed to take place before substantial fall-offs occur. The self-thinning phase in
our study occurred prior to the phase in which most of the biomass was generated. This
latter phase presumably contributed most to the observed density-dependent growth
(paragraph 4.3). In other words, the outcome of apparent competition for space and / or
for food shifted from high mussel seed losses to growth reduction during the course of
the second half of the growth season.

2.4.5. Improving commercial production

Van Oostenbrugge et al. (2018) estimated that the production cost of SMC mussel seed
is five to six times greater than seed from wild capture fishery. Furthermore, SMCs also
require substantially more labor, which has forced a greater degree of cooperation
between companies (Van Oostenbrugge et al. 2018). Overall, the ongoing transition from
wild capture fishery to SMCs has resulted in higher cost for seed provisioning, which has
created a need for cost reduction to maintain a profitable operation.

Since SMC production per unit substrate (kg m” (REq)) does not appear to be amenable
to improvement, and because production per unit area (kg ha”) did not show signs of
overstocking, the logical avenue to increase production would be to increase substrate
density per unit area to optimize the use of available space.
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Other efficiencies could be sought in reducing processing effort via technical innovations.
The main distinction between prevailing SMC implementations is between ropes and
nets. Ropes provide a denser substrate than nets and result in greater yield per unit area.
However, nets are less labor-intensive to use. Nets are bound up on the floaters when not
in use, and when anchored at the start of the SMC season, the nets are simply rolled down.
Ropes, on the other hand, are presently manually bound to a main line which is attached
to floaters. Pilots using robotics technology have taken place. These pilots consisted of
a platform that could move over an SMC system and that automatically installed and
harvested the ropes (Brouwer et al. 2015b a). However, thus far this system has not been
successful in marine conditions, due to biofouling problems.

Furthermore, to optimize the contribution of SMCs as a seed provisioning service for
mussel culture, research should be directed to reducing the large post-seeding mortalities
of collector seed, thought to relate to seeding practices, in order to make more efficient
use of the resource (Capelle et al. 2016, Jansen et al. 2023).

2.5. Conclusions

Twelve years of production data show that SMCs can be a robust alternative seed
provisioning resource for mussel culture compared to wild capture fishery: SMCs are
more reliable yearly, and SMC seed quality is comparable to wild-caught seed. Substrate
production efficiency (kg m™ (REq)) fluctuated around a similar level between areas,
and therefore did not appear to be amenable to further improvement. Plot production
efficiency showed no signs of approaching a maximum, which suggests that going
forward, production gains could potentially be made by increasing substrate density
(kg ha') above current levels. In addition, given the greater overall costs associated with
SMCs compared to seed fishery, operating cost efficiencies and post-seeding mortality
reduction are priority areas for further research.
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Abstract

Cultured and wild bivalve stocks provide ecosystem services through regulation of
nutrient dynamics; both by regeneration of nutrients that become available again for
phytoplankton production (positive feedback), and by extraction of nutrients through
filtration and storage in tissue (negative feedback). Consequently, bivalves may fulfil
a role in water quality management. The magnitude of regulating services by filter
feeding bivalves varies between coastal ecosystems. This review uses the blue mussel as
a model species and evaluates how cultured mussel stocks regulate nutrient dynamics
for ecosystems that vary in trophic state. We thereby examine (i) the eco-physiological
response of mussels, and (ii) the positive and negative feedback mechanisms between
mussel stocks and the surrounding ecosystem. It was found that despite differences in
eco-physiological rates, the proportion of nutrients regenerated was similar between
(deep) nutrient-poor and (shallow) nutrient-rich areas. Of the filtered nutrients, 40-50% is
regenerated and thus made available again for phytoplankton growth, and 10-50% of the
filtered nutrients is stored in tissue and could be removed from the system by harvest. A
priori, we inferred that as a consequence of low background nutrient levels, mussels would
potentially have a larger effect on ecosystem functioning in nutrient-poor systems and/
or seasons. However, this review showed that due to the physical characteristics (volume,
water residence time) and low mussel densities in nutrient-poor systems, the effects were
lower for these sites, while estimates were more profound in shallow nutrient-rich areas
with more intensive aquaculture activities, especially in terms of the negative feedback
mechanisms (filtration intensity). A specific case is formed by suspended spat collector
farms, which result in a high load of mussels during summer. During this season, the
potential for a positive feedback via nutrient regeneration warrants particular attention,
because phytoplankton may be nutrient limited.
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3.1. Introduction

Suspension-feeding bivalves have the potential to influence ecosystem functioning due
to their eco-physiological responses and role in nutrient cycling (Dame 1996, Newell
2004). Filtration by bivalves may depress phytoplankton biomass, while at the same time
nutrient regeneration by bivalves may stimulate phytoplankton production (Asmus &
Asmus 1991, Prins et al. 1995, Cranford et al. 2011). These processes are regarded as the
positive and negative feedback mechanisms of bivalves via phytoplankton populations
(Dame 1996). The capacity to influence ecosystem functioning is particularly evident
in areas with concentrated bivalve communities (Smaal & Prins 1993, Dame & Prins
1998), such as in aquaculture settings. Mussels dominate bivalve production in many
regions (see Wijsman et al. 2019), hence this paper uses the blue mussel Mytilus spp.
as model species to discuss the role of bivalve cultivation in nutrient cycling. Whether
the feedback processes contribute to a desirable regulation of the system (service) or
results in an undesirable effect (impact) depends on the environmental characteristics
of a site and the scale of culture activities (Newell 2004). Most mussel cultivation sites are
situated in nutrient-rich coastal areas that are influenced by river run-off, thereby taking
advantage of high primary production rates to achieve rapid growth (Saxby 2002), yet
commercial mussel cultivation does exist in oligotrophic ecosystems (Strohmeier et al.
2008, Brigolin et al. 2009). Such differences in ecosystem characteristics indicate that the
same process in some systems can be regarded as a regulating ecosystem service while
in other systems it is rather a negative ecosystem impact (see Figure 3.1). Under excessive
nutrient availability, filtration of phytoplankton (negative feedback) may help to prevent
or overcome eutrophication problems (particularly when coupled with harvesting of
the biomass), wherefore this has been recognized as an ecosystem service of mussel
aquaculture (Lindahl et al. 2005, Petersen et al. 2014, Ferreira et al. 2014). At the same time,
in oligotrophic (nutrient-poor) systems mussel filtration can impose an ecosystem impact
when it leads to depletion of phytoplankton and carrying capacity is exceeded. In these
nutrient-poor systems, regeneration of nutrients is considered an ecosystem service as it
may boost primary production, and result in higher mussel yields.

This paper aims to evaluate the regulating functions of mussel aquaculture through the
two major pathways (filtration, nutrient regeneration) as a function of ecosystem trophic
status (from nutrient-poor, to nutrient-rich). The first section provides a review of eco-
physiological rates and discusses whether and how the functioning of mussels differs
between eutrophic and oligotrophic conditions. Specific emphasis is thereby given to
differences between measurements on individuals compared to entire communities.
Physiological processes are generally studied at the level of the organism (Dame 1996,
Gosling 2003), but extrapolating “average” individual rates to yield population estimates
neglects community specific effects such as refiltration or metabolic activity of associated



48 | Chapter3

fauna and microbial decomposition of organic material on mussel cultures (Richard et al.
2006, Jansen et al. 2011). The second section of this review evaluates interactions between
mussel cultivation and the surrounding ecosystem with particular reference to ecosystem
services and impacts. To this end, the positive and negative feedback mechanisms of
mussel culture on phytoplankton are compared between areas spanning a gradient from
nutrient-poor to nutrient-rich. At last, perspectives on the role of mussel cultivation on
nutrient cycling are provided.

System nutrient status
Rich Poor/limited
_ Phyto- — Service | Eutrophication Stimulation
plankton control by of primary
nutrient removal | production
) through filtration | through nutrient
Inorganic .
<+——— Mussels nutrients and harvest regeneration (may
in turn sustain
higher filter
feeding stock)
Biodeposits Impact | Benthic Competition with
degradation other filter-feeding
through species (exceeding
biodeposit carrying capacity)
accumulation

Figure 3.1. Feedback loop of filter feeder activity on filter feeder growth linked to potential
ecosystem services and ecosystem impacts for nutrient-rich and nutrient-poor systems

3.2. Mussels as intermediaries in nutrient cycling
(eco-physiology)

The major eco-physiological pathways in which mussels interact with coastal nutrient
cycling are; (i) filtration of seston (particulate nutrients) from the water column, (i) nutrient
storage in mussel tissue (assimilation), and growth, (iii) excretion of inorganic metabolic
waste products, and (iv) production and mineralization of biodeposits (reviews by Prins
et al. 1998, Newell 2004). The mussel Mytilus edulis is one of the most studied bivalves
in terms of its eco-physiological responses (Bayne 1998, Gosling 2003, Shumway 2011).
These studies have shown that mussels tolerate a wide range of environmental conditions,
facilitated by a remarkable plasticity of their physiological responses. This physiological
plasticity can vary between populations, among individuals of the same population, and
due to seasonal changes and variation in the natural environment (Hawkins & Bayne 1992,
Shumway 2011). In the following section eco-physiological rates are reviewed for mussels
as a function of trophic status of the culture environment, thereby specifically addressing
differences between individual and community scale measurements.
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3.2.1. Filtration

Bivalve feeding has been extensively studied at the level of individual animals (see
review by Cranford et al. 2011). Van Broekhoven et al. (2014; Chapter 4 in this thesis; see
Table 3.1) showed that mussel spat in the Oosterschelde bay can display some of the
highest clearance rates reported for this species. Strohmeier et al. (Strohmeier et al. 2009,
2015) showed that mussels can also display high feeding rates and high net absorption
efficiencies under oligotrophic and low seston conditions despite contradicting feeding
paradigms for mussels; Table 3.1 and the review by Cranford et al. (2011) show that
clearance rates reported for individual mussels under oligotrophic conditions in Norway
were among the highest reported for adults of this species. Jansen (Jansen 2012)
confirmed high feeding rates for individual animals under oligotrophic conditions, but
also demonstrated that community-scale rates under field conditions were 2 to 3 times
lower (Table 3.1). Prins et al. (Prins et al. 1996) showed that community estimates for
benthic mussel beds in eutrophic cultivation areas were also lower than measurements
on individuals, and Jacobs et al. (2015) concluded that low feeding rates measured on
suspended spat collector communities in the Wadden Sea were the result of refiltration
within the culture community. Others have also hypothesized that lower community-scale
clearance rates could be related to crowding affecting water exchange and/or refiltration
(Fréchette et al. 1992, Cranford et al. 2011). While the accuracy of various methods for
determination of clearance rates for individuals have been the subject of debate during
the last decade (Riisgard 2001, 2004, Petersen et al. 2004, Cranford et al. 2011), there is
good evidence for differences in feeding rates between individuals and communities that
merit further study.

3.2.2. Nutrient storage in mussel tissue

Surprisingly few studies report on the nutrient composition of mussel tissue, but the
concentrations reported seem to correspond between the different cultivation areas and
life stages (Table 3.2). These estimates do not account for nutrient storage in byssus or
shell (Hawkins & Bayne 1985). Seasonal changes in nutrient composition are primarily
driven by endogenous processes, and seasonal nutrient composition as well as metabolic
requirements associated with the reproductive cycle are similar for mussels under both
nutrient-poor (Jansen et al. 2012a) and nutrient-rich conditions (Kuenzler 1961, Hawkins
& Bayne 1985, Smaal & Vonck 1997).
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Table 3.1. Clearance rates in mussel cultivation areas. Data were standardized to L g tissue DW
h. Weight conversion factors reported by Ricciardi and Bourget (1998) were applied. Values are
presented as mean (minimum - maximum), and empty cells indicate that rates were not determined.
Country codes (also for following tables): NO=Norway, SW=Sweden, DEN=Denmark, GER=Germany,
NL=The Netherlands, NIR=Northern Ireland, UK= United Kingdom, FR=France, ESP=Spain, IT=ltaly,

CA=Canada, USA=United States, AU=Australia, NZ=New Zealand, JP=Japan.

Area Country  Species Food source Clearance rates Ref
Ng'h"
Measurements on individuals
Aﬁord NO M. edulis Natural seawater 5.4 (3.2-8.4) 1
Austevoll NO M. edulis Natural seawater 6.4 (3.0-9.6) 2
Oosterschelde bay ~ NL M. edulis Natural seawater (1.4-2.8) 3
Oosterschelde bay ~ NL M. edulis Natural + P tricornutum 1.5 (0.3-3.5) 4
Oosterschelde bay ~ NL M. edulis Natural seawater 2.6 (1.3-3.5) 5
Oosterscheldebay ~ NL M. edulis Natural + S costatum (5.0-8.5) 6
Lynher estuary UK M. edulis Natural seawater (1.0-2.5) 7
Aiguillon FR M. edulis Natural + S costatum (9.6-11.0) 6
Ria de Arousa ESP M. galloprovincialis Mix sediment & | galbana 5.0-5.8 8
Newfoundland CA M. edulis Natural seawater (1.5-2.0) 9
Nova Scotia CA M. edulis Natural seawater (1.0-8.0) 10
Newfoundland CA M. edulis Natural seawater (0.2-3.5) 10
Great Entry Lagoon  CA M. edulis Algae mix (3.0-4.5) 11
Ambherst Basin CA M. edulis Algae mix (2.5-4.0) 11
Beatrix Bay NZ P. canaliculus Natural seawater (0.8-3.9) 12
Measurements on communities (benthic mussel beds)
Sylt DEN M. edulis Natural seawater 1.1 13
Wadden Sea NL M. edulis Natural seawater 1.5 (0.7-1.9) 14
Oosterschelde bay ~ NL M. edulis Natural seawater 2.2 (1.1-4.8) 5
Marennes-Oleron FR M. edulis Natural seawater 1.8 (1.0-2.9) 15
Measurements on communities (suspended ropes)
Afjord NO M. edulis Natural seawater 1.5 (1.0-2.1) 1
Oosterschelde bay ~ NL M. edulis spat Natural seawater (2.4-30.7) 16
Wadden Sea NL M. edulis spat Natural seawater 0.8 17
Havre-aux-Maisons ~ CA M. edulis Natural seawater (1.7-6.3) 18

1 (Jansen 2012); 2 (Strohmeier et al. 2009); 3 (Smaal & Vonck 1997); 4 (Smaal et al. 1997); 5 (Prins et al. 1996); 6
(Petersen et al. 2004); 7 (Bayne & Widdows 1978); 8 (Filgueira et al. 2008); 9 (Thompson 1984); 10 (MacDonald
& Ward 2009); 11 (Tremblay et al. 1998); 12 (James et al. 2001); 13 (Asmus et al. 1990); 14 (Prins et al. 1994); 15

(Smaal & Zurburg 1997); 16 (van Broekhoven et al. 2014); 17 (Jacobs et al. 2015) ; 18 (Trottet et al. 2008a)
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Table 3.2. Nutrient composition in mussel tissue in mussel cultivation areas. Data were standardized
to mg element g tissue DW. Weight conversion factors by Ricciardi and Bourget (1998) were applied.
Values are presented as mean (minimum - maximum), and empty cells indicate that concentrations
were not determined. Country codes given in Table 3.1

Area Country Species [f: ;b:_?] ":::::Z?]n P"[‘::';‘_’,']'“s Ref.
Austevoll NO M. edulis 438 (402-469) 106 (94-123) 7 (5-11) 1
Whitsand Bay UK M. edulis 440 (400-470) 80 (55-110) 2
Oosterschelde bay NL M. edulis 448 (113-623) 102 (68-126) 7 (5-12) 3
Oosterschelde bay NL M. edulis spat 97 (92-104) 7.5 (6.6-8.4) 4
Ria de Arosa ESP M. galloprovincialis 448 5
Western Australia AU M. edulis 333 101 4 6
Mahurangi Harb. NZ A. zelandica 396 71 7
1 (Jansen et al. 2012a); 2 (Hawkins et al. 1985); 3 (Smaal & Vonck 1997); 4 van Broekhoven (unpublished data); 5

(Tenore et al. 1982); 6 (Vink & Atkinson 1985); 7 (Gibbs et al. 2005)

3.2.3. Excretion of inorganic nutrients

Respiration and nutrient excretion rates of individual mussels measured under nutrient-
poor conditions (Table 3.3) are within the range reported for nutrient-rich areas (Table 3.3;
see also Burkholder & Shumway 2011), albeit toward the lower end. The slightly lower rates
are likely related to the relatively cold and oligotrophic Norwegian fjords, as respiration
and excretion rates of mussels are influenced by fluctuations in temperature (Widdows
& Bayne 1971, Leblanc et al. 2003) and food supply (Bayne et al. 1993, Lutz-Collins et al.
2009, Jansen et al. 2012a). Eco-physiological models are often used to integrate responses
of individual mussels with fluctuations in environmental conditions (Beadman et al.
2002, Dowd 2005). Jansen (Jansen 2012) applied and validated a model normally used
to simulate mussel responses in nutrient-rich areas (Filgueira & Grant 2009), and found
that the model accurately predicted excretion rates under nutrient-poor conditions. This
demonstrates that metabolic responses in mussels are comparable between cultivation
areas of different trophic status, as the model is based on generic equations.

Mussel cultures are complex community structures, which besides the mussels include
bacteria, epifauna, epiflora, and trapped biodeposits, which also contribute to nutrient
exchange rates (Richard et al. 2006, 2007b). The contribution of decomposing biodeposits
(see also next section) to community nutrient release rates is particularly evident in the
case of bottom cultures, where nearly all egested material is trapped in the community
matrix. Indeed, the relatively high release rates for nutrients from bottom cultures are
primarily attributed to decomposition of biodeposits (Asmus et al. 1990, Prins & Smaal
1994). Nutrient recycling from the organic matter trapped in suspended cultures is
relatively low (Jansen 2012), which seems reasonable as the majority of biodeposits sink
to the seafloor resulting in lower biodeposits on suspended mussel culture compared to
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benthic mussel cultures. Van Broekhoven et al. (van Broekhoven et al. 2014; Chapter 4
in this thesis) concludes that the combined activity of biodeposit decomposition and
fauna on mussel spat collectors are either very small or scaled proportionally with mussel
biomass or activity, whilst respiration and nutrient release rates are likely dominated by
mussel spat activity. Richard et al. (2006, 2007b), on the other hand, relate the high nitrate
and nitrite fluxes of suspended mussel cultures in Canada to decomposition of organic
material trapped in the community matrices.

Abundance and species composition of fauna associated with mussel cultures varies
between seasons and farming locations, adding both temporal and spatial components
to mussel farming dynamics (Cayer et al. 1999, Khalaman 2001, Richard et al. 2006, Lutz-
Collins et al. 2009, Jansen et al. 2011). Jansen (Jansen 2012) finds that during periods of
high fouling abundance, ascidian (Ciona intestinalis) metabolism contributes up to 18%
of total nitrogen released from suspended mussel culture communities. The contribution
of the associated fauna to nutrient cycling cannot be ignored. This is also acknowledged
by Tang et al. (2011) who estimate that tissue carbon content of fouling ascidians is
approximately 6.4% of the carbon production in scallops in Sungo Bay (China). A full
understanding and prediction of nutrient regeneration by mussel culture communities
requires more information on faunal growth, abundance, and metabolic dynamics within
and across cultivation areas.

3.2.4. Biodeposit release and mineralisation

Biodeposit production represents a significant pathway in bivalve nutrient cycling
(Kuenzler 1961, Prins & Smaal 1994, Cranford et al. 2007). Biodeposition rates under
oligotrophic conditions, as measured in the laboratory for individual mussels, are in range
with, but not at the maximum rates reported for other areas, whereas the organic matter
content (OM) is relatively high (Table 3.4). The latter is likely related to high OM in the food
source (~60-70%; Strohmeier et al. 2009, 2015) and the fact that pseudofeces production
is mostly absent under oligotrophic conditions. Seasonal fluctuations in biodeposition
rates seem related to changes in food quantity and quality, rather than to temperature
(Jansen et al. 2012b). This is consistent with Strohmeier et al. (2009), who suggest that
the feeding response to low food concentrations (i.e. oligotrophic conditions) is likely the
determining factor for total ingestion, rather than temperature.
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Although measurements of mussel biodeposits are essential to understand and quantify
their contribution to regeneration of nutrients, little has been published on biodeposit
quality and their decay rates (reviewed by McKindsey et al. 2011) and more recently
reported by Jansen et al. (2012b) and van Broekhoven et al. (2015; Chapter 5 in this
thesis). Nutrient concentrations in biodeposits depend on the concentration and type of
diet the mussels feed on (Miller et al. 2002, Giles & Pilditch 2006) and therefore varies
between seasons (Jansen et al. 2012b) and systems (Table 3.4). It has been suggested that
mineralization rates of biodeposits are related to the presence of resident gut bacteria
that can be voided from the mussel’s digestive system along with the faecal pellets
(Harris 1993). However, mineralization rates of fresh biodeposits increase considerably
after an initial lag phase of one or two days (Fabiano et al. 1994, Carlsson et al. 2010, van
Broekhoven et al. 2015), suggesting that a period of microbial growth may also be due to
additional colonization by external microbes during the lag phase (Canfield et al. 2005).
Since mineralization rates depend on the presence of microbes on either the benthic or
the suspended mussel culture (Giles & Pilditch 2006, Carlsson et al. 2010, Jansen et al.
2012b), decomposition will be more rapid than in the water phase (van Broekhoven et
al. 2015). The proportion of carbon and nitrogen decomposed as a function of available
(labile) organic nutrients in biodeposits is relatively similar between oligotrophic (Jansen
et al. 2012b) and eutrophic environments (Giles & Pilditch 2006, Carlsson et al. 2010, van
Broekhoven et al. 2015) (Table 3.5). However, under oligotrophic conditions, the amount
of nutrient released per gram biodeposit will be higher due to the higher concentrations
of nutrients in the mussel biodeposits (Table 3.4). Phosphorus mineralization patterns are
inconclusive among studies, likely as a result of the potential for phosphate to bind to
sediment and other organic material (Sundby et al. 1992). Profound seasonal differences
(up to afactor 80) are observed for silicon release rates by Jansen et al. (Jansen et al. 2012b),
and release is assumed to be high when mussel food contains a large fraction of diatoms
(Navarro & Thompson 1997). Proportional silicon mineralization rates are 1.4 times higher
for feces than pseudofeces, while proportional nitrogen and phosphate mineralization
rates were similar for feces and pseudofeces (van Broekhoven et al. 2015). Hypothesised
causes are breakdown of the organic matrix by digestive bacterial activity (Bidle & Azam
1999), selection during the feeding process for less recalcitrant diatom frustules, and
fragmentation of diatom frustules during the digestive process (as speculated by Dame
et al. 1991). Since the proportion of pseudofeces rises with increasing food concentration
above a certain level (Foster-Smith 1975, Tsuchiya 1980), the role of mussels in terms of Si
regeneration may be proportionally greater at lower food levels (assuming a similar food
composition).
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3.3. Ecosystem effects of nutrient cycling by mussels

The previous section demonstrated that mussels contribute to nutrient cycling by
translocation, transformation and remineralization of nutrients. These processes related
to the mussel’s physiology interact with nutrient cycling in coastal ecosystems through
various feedback systems influencing primary production (see reviews by Prins et al. 1998,
Newell 2004). Consequently, intensive cultivation of mussels will affect the ecosystem; for
example, by altering the carrying capacity (Smaal & Heral 1998, Grant & Filgueira 2011).The
feeding activity of mussel communities may influence the abundance of phytoplankton
and thereby inhibit primary production (‘top-down’ pathway or negative feedback).
Furthermore, Cranford et al. (2009) reported a shift towards a phytoplankton population
dominated by picophytoplankton in bays with high densities of mussel cultivation and
related this to high grazing activity of the cultured stocks. Meanwhile, mussel excretion
and mineralisation of biodeposits result in the regeneration of nutrients, which may
stimulate primary production ("bottom-up’ pathway or positive feedback). Not all ingested
nutrients are regenerated in a short cycle; a part is retained by the mussel community or
in a non-decomposed fraction of biodeposits, and a part may be permanently removed
from the system, e.g. when mussels are harvested. Mussel communities can therefore
act as a ‘source’ and as a ‘sink’ for nutrients within the ecosystem. The specific pathways
contributing to sinks/sources depend on physical features (e.g. depth) of the area and
the culture type applied (Table 3.6). Given that phytoplankton use nutrients in specific
proportions (Redfield ratio; Redfield et al. 1963), the ‘bottom-up’ stimulation by bivalve
nutrient regeneration is influenced by both nutrient availability and stoichiometry of
regenerated nutrients. It has been argued that both feedback control mechanisms on
phytoplankton can stabilize ecosystems (Herman & Scholten 1990) with ‘top-down’ and
‘bottom-up’ pathways occurring simultaneously. This section evaluates the pathways
and magnitude of the feedback mechanisms in different mussel cultivation areas, and
assesses if trophic status of the ecosystem is an important driver for defining ecosystem
services and ecosystem impacts.
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Table 3.6. Nutrient source and sink processes by water depth of the system and mussel culture

type.
Depth Culture Regeneration Retention Removal
system type (source) (sink) (sink)
Shallow Bottom Benthic Benthic Benthic
- CO, (DIC) &NH, & PO, - PO, binding to - N, from nitrification/
excretion mussels & sediment denitrification of NH,
fauna - POC, PON, POP, PSi - POC, PON, POP
- CO, (DIC),NH,, burial of biodeposits harvest mussel
PO, & Si biodeposit tissue
mineralization
- NO,/NO, nitrification
of NH,
Shallow Suspended  Pelagic Pelagic
- CO, (DIC) &NH, & PO, - POC, PON, POP
excretion mussels & harvest mussel
fauna tissue
Benthic Benthic Benthic
- CO, (DIC),NH,, - PO, binding to - N, nitrification/
PO, & Si biodeposit sediment denitrification from
mineralization - POC, PON, POP, POSi NH4
- NO,/NO, nitrification burial of biodeposits
from NH,
Deep Suspended  Pelagic Pelagic
- CO, (DIC) &NH, & PO, - POC, PON, POP
excretion mussels & harvest mussel
fauna tissue

Benthic (deep fjord basin)
- POC, PON, POP, POSi
burial of biodeposits
- €O, (DIC), NH,,
PO, & Si biodeposit
mineralization

3.3.1. Physical and environmental characteristics of mussel cultivation
areas

The extent to which bivalves influence the ecosystem is largely defined by physical
and environmental conditions (Newell 2004), which vary considerably among bivalve
cultivation areas (Table 3.7). The majority of mussel cultivation areas are shallow
mesotidal bays or estuaries. Due to the variation in physical conditions of the shallow
bays and estuaries, water residence times vary from 1 day to several months. Oligotrophic
flord systems are exceptional when compared to “coastal plain estuaries” due to the large
depths (100-1000 m). Many Norwegian fjords have a sill at the mouth of the fjord which
limits renewal of the deepwater basin, resulting in relatively long residence times in terms
of months and years for the whole system, whereas residence times are much shorter in
terms of days and weeks for the upper and intermediate layers.
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Table 3.7. Physical characteristics of mussel cultivation areas. Country codes are given in Table 3.1

Water depth Volume system Residence

Area Country Type iml [10° m?] time [d] Ref
Lysefjord- total NO Fjord (460 max) 9100 7 year 1
abovessill 14 880 1
Afjord - total NO Fjord 50 (120 max) 807 150 2
abovessill 20 250 5

Limfjorden DEN Estuary with 5 7100 225 3
multiple basins

Sylt DEN 2 7 0.5 4

Oosterschelde bay NL Estuary 9 2740 40 (10-150) 5,6

Wadden Sea NL Bay 3 4020 10 (5-15) 6

Carlingford Louch IR Estuary (35 max) 460 14-26 7

Louch Foyle IR Bay (19 max) 752 4-30 7

Bay of Brest FR Bay 10 1480 17 8

Thau Lagoon FR Lagoon 4 300 90-120 9

Marennes-Oleron FR 5 675 7 10

Ria de Arosa ESP Bay, upwelling, 19 4335 23 11

N. Adriatic Sea IT Open Sea 22 - - 12

Tracadie Bay CA Bay 2.5 (6 max) 4 4-10 13

Great Entry Lagoon CA Two-lagoon 6 117 20-30 14
system

Saldanha Bay SA Two-bay system, 10 (30 max) 596 6-10 15
upwelling

Firth of Thames NZ Estuary (50 max) 16500 12 16

1 (Aure et al. 2001); 2 (Aure pers.comm.); 3 (Wiles et al. 2006, Maar et al. 2010); 4 (in Smaal & Prins 1993); 5 (Smaal
et al. 2001); 6 (Dame et al. 1991); 7 (Ferreira et al. 2007); 8 (in Smaal & Prins 1993); 9 (Thouzeau et al. 2007); 10 (in
Smaal & Prins 1993); 11(Ferreira et al. 2007); 11 (AlvarezSalgado et al. 1996a, Figueiras et al. 2002); 12 (Brigolin
2007); 13 (Filgueira & Grant 2009); 14 (eastern basin; pers comm. T. Guyondet); 15 (Shannon & Stander 1977,
Monteiro et al. 1998); 16 (Zeldis 2005)

Annual primary production rates vary between 73 and 1245 g C m2 y' for the different
mussel cultivation areas, with rates reported for Norwegian fjord systemsin the lower region
(Table 3.8). Background nutrient levels in most areas are influenced by anthropogenic
nutrient sources, with the exception of most Norwegian fjord systems (Aksnes et al. 1989).
Wassmann (Wassmann 2005) shows that estuaries and coastal ecosystems are now the
most nutrient-enriched ecosystems in the world, which he attributes primarily to land-
based nutrient sources. Limflorden (Denmark), for example, receives approximately
20,000 ton N y' from land-based sources, and the increased nitrogen input during the
most recent decades resulted in high phytoplankton biomass levels, sustaining high
densities of mussels up to levels causing hypoxia-induced mortality (Christiansen et al.
2006). The highest primary production rates are reported for Ria-de-Arousa and Saldahna
Bay, which are coastal bays that benefit from upwelling of deep nutrient-rich water. The
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coastal upwelling along the South African coastline (Benguela current system) supplies a
flux of approximately 1819 ton NO,-N y' into Saldanha Bay (Monteiro et al. 1998). Areas
that benefit from coastal upwelling are among the most productive and successful mussel
farming areas (Saxby 2002, Figueiras et al. 2002).

The pathways for ‘nutrient regeneration’ differ between shallow and deep systems as a
consequence of depth, stratification, mixing of the water column, and on the resulting
presence or absence of benthic-pelagic coupling (see also Table 3.6). Benthic nutrient
regeneration can play an important role in shallow coastal ecosystems with well-mixed
water columns, as it may provide up to 80% of the nutrients required for primary
production (Jensen et al. 1990, Zeldis 2005, Giles 2006). In contrast, benthic regeneration
does not contribute to the nutrient pools in the euphotic zone of Norwegian fjords when
the water column is stratified (Aure et al. 1996, Asplin et al. 1999). Euphotic zones of fjord
systems are nutrient-limited for extended periods of the year (Paasche & Erga 1988, Saetre
2007), resulting in low Chl a concentrations (Erga 1989, Aure et al. 2007).

3.3.2. Nutrient sinks and sources

Physiological processes such as inorganic nutrient excretion, biodeposition (and
subsequent remineralisation processes), and growth of tissue material (see also previous
section) interact with physical features of the area and the culture type applied (Table 3.6)
to drive the fraction of ingested nutrients that becomes regenerated, and thus becomes
available as a source of nutrients to the ecosystem. Figure 3.2 (left panels) provides an
overview of the relative importance of the physiological processes involved in nutrient
cycling by mussel cultures. The processes have been expressed as fractions, with the
sum of the three processes giving 100%. It is thereby assumed that the sum of the three
processes equals ingestion (in accordance with Kreeger et al. 1995). Under oligotrophic
conditions, less than 50% of the captured nutrients are expelled with biodeposits,
which is lower than the other areas where more than 50% and, in certain cases, up to
80% of the ingested nutrients are expelled with biodeposits (Figure 3.2). The right hand
panels of Figure 3.2 present the fractions of ingested nutrients either recycled as a
source of nutrients, or retained or removed as sinks of nutrients (sum is 100%). Whether
remineralisation of biodeposits acts as a source of nutrients available for phytoplankton
growth depends on the system (Table 3.6). Excretion of inorganic nutrients always acts as
a source, while nutrient removal when mussels are harvested is always considered a sink.
Biodeposition can result in both nutrient sources and sinks, depending on interactions
with benthic processes: nutrients are either returned to the water column, buried in the
sediment, or released in gaseous form (N,).In deep fjords, biodeposits sink to the seafloor
and as a consequence of limited benthic-pelagic coupling it is assumed that remineralized
nutrients will not be available for phytoplankton growth. The estimates presented in
Figure 3.2 do not account for loss of mussels from the culture structures (Fréchette 2012),
nor for nutrient storage in byssus or shell (Hawkins & Bayne 1985); so that harvest values
will be either slightly over or underestimated.
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Figure 3.2. Relative importance of physiological processes (left panels) and ecosystem interactions
(right panels) for mussels (Mytilus spp.) across cultivation areas (left panels) for individual and
community scale measurements. Data originates from budget analysis studies of which reference
numbers are indicated on the secondary vertical axis in the left panels. Ecosystem interactions refer
to the fraction of ingested nutrients which is either recycled and available for phytoplankton growth
(source), or is permanently lost from the system (sink). The calculation of source and sink fractions
takes account of the physical characteristics of the system under consideration (depth, benthic-
pelagic coupling) and consequently the fate of remineralized biodeposits. The type of calculation
applied to each system is indicated on the secondary vertical axis of the right panels, according to:
'Source = Excretion; Sink=Biodeposition + Tissue growth

"Source = Excretion + remineralization; Sink = Tissue growth + (Biodeposition — remineralization)
(assuming mineralization rates of 32% for C, 17% for N, and 0% for P; see Table 3.5)

"Based on in situ measurements of uptake and release rates in benthic tunnels
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Firstly, measurements are considered for individual mussels (Figure 3.2, upper panels).
For on-bottom and suspended cultivation of mussels in shallow areas, benthic biodeposit
decomposition has been shown to significantly contribute to total nutrient regeneration
(Baudinet et al. 1990, Asmus et al. 1990, Prins & Smaal 1994, Hatcher et al. 1994, Giles et al.
2006, Richard et al. 2007b). Mineralization of biodeposits does not significantly contribute
to the source of recycled nutrients in deep fjord systems, because the majority of nutrients
sink to the seafloor and regenerated nutrients are not returned to the euphotic zone
of flord systems within short time intervals due to stratification of the water column.
Combining nutrients released by biodeposit remineralisation with those released by
direct excretion results in relatively similar ‘source’ values for carbon and nitrogen
regeneration in oligotrophic fjords and shallow eutrophic areas. All regenerated carbon is
assumed to contribute to the source of recycled nutrients. This assumption is reasonable
for Norwegian fjord systems which are generally considered to be weak absorbers of
atmospheric CO,, whereas in some eutrophic estuaries CO, might be released to the
atmosphere since these systems often have oversaturated pCO, levels (Frankignoulle et
al. 1998). In these estuaries, release of CO, by eco-physiological processes represents a
sink process, and values presented in Figure 3.2 might underestimate the carbon sink for
these cases (see also Filgueira et al. 2019).

Secondly, measurements are considered for mussel communities (Figure 3.2, lower panels).
Nutrient regeneration rates for suspended cultures are defined in a similar manner as for
individuals (see subscript Figure 3.2). Regeneration by benthic communities is defined
as the difference between uptake of organic material and release of inorganic nutrients,
and has been determined using benthic tunnel measurements in the Oosterschelde bay
(Netherlands) and Sylt (Denmark). A high degree of variability between measurements has
been observed with occasionally higher release rates than uptake rates (source >100%),
likely induced by mineralization of biodeposits or dead mussels trapped within the culture
structures. An extensive seasonal study on nutrient cycling by oyster Crassostrea virginica
reefs in the North Inlet estuary (South Carolina; Dame et al. 1989), using similar benthic
tunnel measurements, indicate that 66% of nitrogen and 8% of phosphorus taken up by
the reef is regenerated as ammonia and phosphate, respectively. Studies performed on
benthic cultures (Dame et al. 1989, Asmus et al. 1990, Prins & Smaal 1994) also pointed out
that sediment processes may bind, and thus retain, phosphate, and that denitrification
processes may lead to a loss of gaseous nitrogen from the system by the formation of N..
The effects of bivalve cultures on denitrification rates have not been fully characterised
(Newell 2004) and previous studies of sediments underlying suspended mussel cultures
have been inconsistent, showing either increase (Kaspar et al. 1985, Giles et al. 2006) or
decrease (Christensen et al. 2003).
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3.3.3. Stoichiometry of regenerated nutrients

Theprevioussectionpointed outthatmusselcommunitiescanactasasource ofregenerated
nutrients. The nutrients are regenerated in different proportions (stoichiometry), which
may differ to varying degrees from the stoichiometry of the inorganic nutrient pool in
the ambient water (Prins et al. 1998, Jansen et al. 2011). On a large scale, the average
stoichiometric composition of phytoplankton is described by Redfield’s ratio (Redfield
et al. 1963; Redfield ratio 106C:16Si:16N:1P). However, the stoichiometric composition of
individual phytoplankton species, and therefore their nutrient requirements, may deviate
from this ratio (Falkowski 2000). Changes in stoichiometry of available inorganic nutrients
may affect phytoplankton growth (Goldman et al. 1979), and in this way could potentially
induce a shift in the composition of phytoplankton species.

Figure 3.3 presents dissolved inorganic N:P ratios in the water at various mussel cultivation
areas, and for the purposes of this review we assume that ratios below Redfield’s ratio
(N:P=16) are indicative of more nitrogen-limited systems, whereas ratios above this ratio
are indicative of more phosphorus-limited systems. Most of the mussel cultivation areas
show a N:P ratio < 16, which is consistent with the common observation of nitrogen
limitation in marine environments (Nixon et al. 1996). The assumption that phosphorus is
generally sufficiently available in coastal waters (Nixon et al. 1996), does not seem to hold
for all of the coastal waters used for shellfish cultivation; the Wadden Sea during spring
bloom, Lough Foyle, and the Northern Adriatic Sea have been reported to be phosphorus-
limited (Ferreira et al. 2007, Philippart et al. 2007, Brigolin et al. 2009).
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Figure 3.3. Annual N:P [DIN:DIP] stoichiometry in the water at various mussel cultivation areas (bars),
with release rates measured for individual mussels (broken lines) and mussel communities (solid
lines). Horizontal dotted line indicates the Redfield ratio (N:P=16). References are given in Table 3.3.
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N:P ratios of regenerated nutrients determined for individual mussels and for mussel
communities are presented in Figure 3.3 by broken and by solid lines, respectively.
There are no cases where the N:P ratio of the net release by individual mussels or by
mussel communities exceeds Redfield’s ratio, indicating that mussel activity is not likely
to increase the ratio of N:P in the water. In most cases the N:P ratios of the regenerated
nutrients (lines) differ from the ambient water (bars). The N:P ratios of nutrients released
by suspended mussel communities (Austevoll, Great Entry Lagoon) are higher than ratios
of nutrients released by benthic communities (Oosterschelde bay, Sylt; Figure 3.3). In one
case, the Oosterschelde bay in the Netherlands, measurements have been made for both
suspended mussel communities and mussel beds. The suspended community released N
and P in a ratio of approximately 7, whilst the ratio of N and P released from mussel beds
was lower (Figure 3.3). Removal of nitrogen through denitrification processes has been
suggested as a cause for the low N:P ratio measured in mussel beds (Asmus et al. 1990,
Prins & Smaal 1994).

Measurements of phosphate dynamics over sediments underneath mussel farms have
shown release in some cases (Baudinet et al. 1990, Souchu et al. 2001, Richard et al. 2007b),
and an apparent balance or an uptake in others (Hatcher et al. 1994, Mazouni et al. 1996, Giles
et al. 2006). Asmus et al. (1995) attributed differences in phosphorus fluxes to site-specific
environmental characteristics. A balance or an uptake of phosphate can be related to the
buffering capacity of sediments, caused by absorption of phosphate by iron hydroxides or
calcite occurring in the oxidized surface layer of marine sediments (Sundby et al. 1992). This
suggests that phosphate dynamics vary according to the location where decomposition
takes place. Benthic mineralized phosphate may become trapped in the sediment, while
pelagic mineralized phosphate is likely to become available in the water column.

Silicon does not play a role in physiology of mussels (Prins & Smaal 1994), and, therefore,
all ingested silicon is expected to be egested with biodeposits. Decomposing biodeposits
show high release rates of silicate (Jansen et al. 2012b, van Broekhoven et al. 2015; see also
Table 3.5). In contrast to nitrogen and phosphorus, silicon mineralisation from biodeposits is
thought to be driven primarily by chemical dissolution rather than microbial processing (van
Broekhoven et al. 2015). In deep stratified systems, biodeposits (including all of the captured
silicon, but not all of the carbon, nitrogen, and phosphorus) are transported to the bottom
of the basin and regenerated nutrients, including silicon, do not become regenerated in the
euphotic zone. This may potentially suppress the development of siliceous phytoplankton
diatoms and favour development of non-siliceous phytoplankton such as flagellates
and dinoflagellates (Turner et al. 1998). In shallow estuaries, biodeposit remineralization
contributes to the pool of regenerated silicate (Asmus et al. 1990, Prins & Smaal 1994), which
reduces the potential of silicate limitation in those areas (Prins et al. 1995).



68 | Chapter3

Table 3.9. Bivalve density in mussel cultivation areas. Density is expressed in terms of harvest rate
(ton WW y"), and in standing stock for the whole system (ton tissue DW), per unit area (g tissue DW
m?2) and per unit volume (g tissue DW m?3). For the Norwegian fjords, only the water volume above
the sill was used in the calculations. Asterisk (") indicates that standing stock was reconstructed
based on harvest, length of the production cycle and WW/DW conversion factors by Ricciardi and
Bourget (1998). Country codes are given in Table 3.1.

Area Country Species Culturetype  Harvest Standing stock (DW) Ref
(Ww)
[tony"] [ton] [gm?] [gm?]
Lysefjord NO M. edulis Rope 94 21 0.4 1
Afjord NO  M.edulis Rope 1200 109° 78 04 2
Limfjorden DEN M. edulis Bottom 90,000 2509 16 04 3
C. gigas 580 6 0.0 0.0
Sylt DEN M. edulis Bottom 189 26.3 4
Oosterschelde bay NL M. edulis Bottom 25,000 6061 173 2.2 5
C. giga Bottom 2424 24 03
cockles Bottom 848 69 09
Wadden Sea NL M. edulis Bottom + rope 5018 36 13 6
M. arenaria Natural 8419 6.0 2.1
Ensis Natural 12880 9.1 32
Other bivalves Natural 5799 41 14
Carlingford Lough UK M. edulis Bottom + rope 2500 209 43 05 7
C. gigas Trestles 320 27 06 0.06
Belfast Lough UK M. edulis Bottom 15,318 1281° 1.7 8
C. gigas Trestles 50 4 0.006
Bay of Brest FR various 13275 920 8.9 9
Thau Lagoon FR Cgigas + M. edulis 13,500 10
Marennes-Oleron  FR M. edulis 242 0.4 1
C. gigas 2424 3.6
Other bivalves 788 1.2
Ria de Arosa SP M. galloprovincialis Raft 172,500 4809 196 1.1 12
Tracadie Bay CA M. edulis Rope 1943 261 159 64 13
Great Entry Lagoon CA M. edulis Rope 180 15" 05 0.1 14
Firth of Thames Nz P. canaliculus Rope 9000 251" 0.2 0.02 15

1 (Strohmeier et al. 2005; pers comm Strohmeier); 2 (pers. comm. M. Hoem & A. Koteng); 3 (Dolmer & Geitner
2004); 4 (in Smaal & Prins 1993); 5 (Smaal et al. 2001); 6 (Philippart et al. 2007, Schellekens et al. 2011); 7 & 8
(Ferreira et al. 2007); 9 (in Smaal & Prins 1993); 10 (Thouzeau et al. 2007); 11 (Smaal & Zurburg 1997); 12 (Figueiras
et al. 2002); 13 (Cranford et al. 2007); 14 (Trottet et al. 2008b); 15 (Zeldis 2005)
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3.3.4. Significance at ecosystem scale

The previous sections have discussed the potential effects of mussel communities on
nutrient cycling in coastal ecosystems, irrespective of mussel abundance or dimensions
of the system. In order to be able to evaluate system-wide interactions, estimates for the
bivalve standing stock are an essential parameter (Table 3.9); although the majority of
these values are associated with a large uncertainty. Combining standing stock estimates
with dimensions of the systems (Table 3.7) provides area and volume-based biomass
density estimates (Table 3.9). The Wadden Sea (NL) and several systems in France are
important mussel cultivation areas in terms of total harvest quantities. However, these
systems are also characterized by co-culture or co-existence of several bivalve species
(e.g. Crassostrea gigas or Ensis sp.). As the current review focusses on mussels, systems
where mussels comprise a minor proportion of total bivalve biomass were excluded from
the analysis of mussel-ecosystem interactions. Mussel biomass density is highest in the
eutrophic estuaries in Tracadie Bay (Canada) and the small coastal inlet Sylt (Germany),
whereas biomass density in oligotrophic fjord systems is among the lowest reported.

Interactions are firstly evaluated by the total food uptake relative to the total food
available (Figure 3.4a; Smaal & Prins 1993, Dame & Prins 1998), which can also be
described as an indicator for the ‘top-down’ influence on phytoplankton or ‘negative
feedback mechanism’ In the Norwegian fjords (Afjord and Lysefjord) clearance times (CT)
are longer than water residence times (RT) and primary production times (PPT) despite
oligotrophic conditions, indicating that mussel cultures do not dominate food dynamics
in these fjord systems. This is different from many other systems where clearance times are
shorter than residence times (CT/RT <1). This confirms studies by Smaal & Prins (1993) and
Dame & Prins (1998) who report that clearance times are shorter than the residence times
for most mussel cultivation areas. However, for most areas primary production is faster
than mussel feeding (CT/PPT>1) indicating that the food source is renewed faster than it
is filtered. Limfjorden has the longest residence times (almost one year), and a high mussel
biomass which together result in high food uptake relative to residence times (CT/RT<<1)
indicating that the system is potentially regulated by mussel filtration. However, high
nutrient loading in this system results in high primary production rates (Maar et al. 2010)
which subsequently indicates that mussels do not overgraze phytoplankton populations
(CT/PPT>>1).
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Figure 3.4. Mussel-ecosystem interactions expressed by indicators for negative and positive
regulation of primary production, calculated according to Dame & Prins (1998), Smaal & Prins (1993)
and Dame (1996) based on the following parameters:

Residence time (RT) =Time to exchange water body
Clearance time (CT) =Time to filter the water body

= (system volume) / (CR x mussel biomass)
Primary production time (PPT) =Time to renew phytoplankton (Bp/P)

=(POC,, ,op. X volume system) / (Primary production x Area
system) with the assumption: 40 mgPOC o mgChla’
Nitrogen turnover time (NTT) =Time to renew DIN
= (DIN x system volume) / (DIN Release x Mussel biomass)
The extent to which mussel populations have a regulating function in the ecosystem is evaluated by
the ratios between the parameters:
CT/RT >1:no/minor regulation CT/RT <1 :phytoplankton potentially regulated by mussel

filtration
CT/PPT >1:no/minor regulation CT/PPT <1 : phytoplankton is overgrazed
NTT/RT >1 : no/minor regulation NTT/RT<1 : mussels potentially driving nutrient cycling

References are given in Tables 1-9. Asterisk (¥) indicates that community-scale rates were applied.
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Secondly, mussel-ecosystem interactions were evaluated by nitrogen (DIN) turnover time
(Dame 1996) relative to the residence time (Figure 3.4b). This indicator can describe the
potential extent of ‘bottom-up’ stimulation of phytoplankton production or the ‘positive
feedback mechanism’ The total DIN pool in the ambient water was lowest in Af]ord,
Lysefjord and the Firth of Thames, so that a quantity of regenerated nitrogen from mussel
cultures could make a proportionally greater contribution to its availability. However,
mussel density in these areas is also low (<0.4 g DW m?3). As a result, nitrogen turnover
times remain long relative to water residence times (NTT/RT>40), indicating a limited
effect of mussels on nutrient cycling. Low DIN concentrations are reported for Great Entry
Lagoon resulting in a low NTT value, suggesting a relatively high effect on the DIN pool
(NTT/RT<1). However, this outcome may be skewed because ambient values are based
on the period June-October, thus excluding the higher winter values. Besides Great Entry
Lagoon, the relative effect of regeneration processes (NTT/RT) is most pronounced in
the Oosterschelde bay and Tracadie Bay, indicating that mussels may influence nutrient
cycling although NTT/RT values did not fall below 1. These are shallow estuaries/bays with
high mussel cultivation activity, as indicated by the high relative mussel density (2-6 g DW
m3, Table 3.9).

This analysis of positive and negative feedback mechanisms of mussels acting on
phytoplankton growth (Figure 3.4) addresses some consequences of mussel populations
for ecosystem functioning, but it is based on a static approach. However, marine systems
are complex, and suspended organic matter and inorganic nutrient concentrations are
subject to physical, biochemical and eco-physiological processes and fluctuate over
both temporal and spatial scales. It should be noted that the literature presented here
represents integrated annual values, whereas in fact most of the parameters fluctuate
over temporal scales. Prins & Smaal (1994) address the importance of seasonality in terms
of the contribution of mussels to nutrient regeneration in the Oosterschelde bay in the
Netherlands, demonstrating that mussel beds could account for almost half of the total
DIN regeneration of the system, but only during summer when nutrients are limiting. In
recent years, the transition from wild seed fishery to Seed Mussel Collectors (SMCs) in the
Netherlands (van Broekhoven et al. 2024; Chapter 2 in this thesis) has led to an elevated
mussel biomass during summer, which is present temporarily due to high post-seeding
mortality in the on-bottom culture practiced here (Capelle et al. 2016). The presence of the
SMC mussel seed, which exhibit high weight-specific activity (van Broekhoven et al. 2014)
compared to adults (Cranford et al. 2011), coincides with the period of nutrient limitation.
This leads to a different dynamic in terms of nutrient circulation mediated by mussels in
the system during summer than during the rest of the year, with a much greater potential
for positive feedback effects to occur. Similarly, Jansen et al. (2011) demonstrate that at
the scale of one mussel farm in a Norwegian fjord, the contribution of mussels to the
inorganic nutrient pool is insignificant during winter conditions but substantial during
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summer. This is a result of the combination of low nutrient concentrations (nutrient
limitation) in the ambient water, high metabolic activity of the mussel population, and
high biomass and metabolic activity of fouling organisms.

3.4. Perspective on the regulating services of mussels in
nutrient-poor and nutrient-rich cultivation areas

The extent to which bivalve suspension feeders fulfil a regulative role varies between
coastal ecosystems (Dame & Prins 1998). Trophic status (nutrient-poor to nutrient-rich)
of a system influences the regulating potential for mussels in two ways: 1) the eco-
physiological response may vary as a function of ambient nutrient (and thus food)
concentrations, and 2) nutrient regeneration has a proportionally greater effect when
ambient concentrations are low.

3.4.1. Physiological response

The high feeding rates observed in oligotrophic areas suggest that the physiological
response of mussels under low nutrient conditions may differ from areas with higher
nutrient concentrations. As model results indicated that metabolic responses are
comparable between cultivation areas, this suggests that the slightly lower rates observed
for oligotrophic areas are simply a result of low food concentrations rather than a specific
response related to the trophic status of the system. Also, nutrient composition of the
mussel tissue is similar in oligo- and eutrophic areas, and appears to be endogenously
regulated and driven primarily by reproductive processes. Mussels are able to efficiently
use the low-concentration but high-quality food sources in oligotrophic systems, resulting
in low biodeposit production (in absolute and in relative terms). In eutrophic areas, up to
95% of the filtered nutrients can be expelled with biodeposits in certain cases, which is
partly due to pseudofeces production, while in oligotrophic areas less than 50% of all
ingested nutrients is expelled with fecal material.

3.4.2. System feedbacks

Differences in eco-physiological rates under oligotrophic as compared to eutrophic
conditions (higher clearance, lower egestion, approximately similar excretion, and similar
storage in tissue) may lead to distinct mussel-ecosystem interactions. Proportionally
more nutrients are excreted as metabolic waste products under oligotrophic conditions
(e.g9. NH,), potentially resulting in a higher positive feedback and thus enhanced primary
production. In deep stratified systems, the pool of nutrients available for phytoplankton
growth is only supplied by directly excreted inorganic metabolic waste products, while in
shallow areas remineralization of biodeposits may also contribute to the pool. Ecosystem
interactions are here defined as the fraction of ingested nutrients either recycled and
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again available for primary production (source) or permanently removed from the
system (sink). The current review showed that through these mechanisms the ecosystem
interactions are comparable between deep oligotrophic and shallow eutrophic systems.
This indicates that the theoretical role of mussels in nutrient cycling and positive feedback
processes is relatively similar across mussel cultivation areas. Furthermore, stoichiometry
of regenerated nutrients (C>N>P) is generally different from that observed in the ambient
water and from the Redfield ratio. This indicates that mussel cultures have the potential
to influence phytoplankton community composition by causing shifts in the proportional
availability of C, N, P, and Si. The oligotrophic fjord systems are examples where silicate
limitation, potentially induced by mussel activity, may suppress diatoms while favouring
(dino)flagellate development, while in shallow estuaries this phenomenon is expected to
be of less importance due to the contribution of regenerated silicate through biodeposit
decomposition.

Evaluation of the regulating potential of mussel cultures at the ecosystem level is based
on indicators for negative (CT/RT and CT/PPT) and positive (NTT/RT) feedback processes
on primary production. These indicators for mussel-ecosystem interaction demonstrate
that estimates for mussel-ecosystem interactions are more profound in shallow nutrient-
rich areas with high mussel biomass, especially in terms of the negative feedback
mechanisms through filtration of phytoplankton. In contrast, despite low background
nutrient levels, mussel aquaculture in oligotrophic fjord systems at present has limited
effects owing to low mussel densities and physical characteristics of the fjords (large
volume, short residence times of the upper water layer). The significance of the positive
feedback mechanism (nutrient regeneration) has a strong seasonal component as many
mussel cultivation systems are nitrogen-limited during summer periods when mussel
activity is high. The temporary presence of a supplement of highly active mussel spat
during summer in SMC culture in the Netherlands creates a particularly high potential
for a positive feedback in this situation. These comparisons between cultivation areas
suggest that physical characteristics of the site in combination with mussel density and
activity better define the feedback to the ecosystem, and hence the regulating potential
of mussel cultures, rather than trophic state.
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Abstract

Besides exercising grazing control over phytoplankton populations, suspension-feeding
bivalves can also stimulate carrying capacity by regeneration of nutrients. This study
provides new data on nutrient uptake and release dynamics, and potential implications
for availability and stoichiometry of nutrients, for Mytilus edulis spat collectors in the
Netherlands. Uptake and release rates were measured in situ on intact spat collector ropes
in a eutrophic macrotidal system in relation to development of ropes in terms of mussel
biomass and associated components (fauna, flora, organic material).

There was a good fit between uptake/release rates and mussel weight based on allometric
scaling functions, despite the occurrence of a substantial biomass of associated fauna,
flora and organic matter on ropes. On a unit biomass basis, nutrient release rates were
much higher than reported in other studies, which we attribute to greater activity of small
mussels. Accounting for greater weight-specific activity of small mussels, spat collectors
released more P than reported for other systems. We show that spat collectors can affect
relative availabilities of N, P and Si, and we show that SMCs likely stimulated phytoplankton
production through regeneration of N and of Si, which were at limiting concentrations at
different points in time. In the case of Si, stimulation would be restricted to diatoms. We
conclude that SMCs are able to stimulate phytoplankton production rates, and thereby
carrying capacity, and are able to influence phytoplankton composition.
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4.1. Introduction

Suspension-feeding bivalves can play a key role in aquatic ecosystems through their
filtration of seston, excretion of dissolved nutrients, and production of feces and
pseudofeces (Prins et al. 1998, Newell 2004). Hence, suspension-feeding bivalves exert
negative and positive feedbacks on carrying capacity (Prins et al. 1998), which can result
in potential cascading effects through the food web. The term ‘carrying capacity’ refers to
the optimum or maximum population levels that a natural system is able to support, and
has been ascribed various definitions (Inglis et al. 2000, Gibbs 2009, Smaal et al. 2013).
This study considers carrying capacity as the maximum population size of one or more
species that is supported by the food availability in a given ecosystem (Smaal et al. 1997a).
Carrying capacity can be depressed by negative feedbacks; such as grazing control over
phytoplankton biomass and composition; and as a result of nutrient removal from a system
through denitrification, harvest and burial (Kaspar et al. 1985, Newell 2004, Smaal et al.
2013). Conversely, carrying capacity can be stimulated as a result of positive feedbacks
through nutrient regeneration as a result of direct excretion or from the decomposition of
feces and pseudofeces. Under nutrient-limited conditions, phytoplankton growth rates can
be enhanced by increased nutrient turnover rates and reduced storage in algal biomass;
leading to increased food availability for suspension-feeders and thereby enhancing
carrying capacity (Asmus & Asmus 1991, Prins et al. 1998, Newell 2004). Phytoplankton
composition can be altered when nutrients are regenerated in proportions that differ
from the ambient ratios usually present in a given aquatic system (Prins & Smaal 1994,
Turner et al. 1998, Philippart et al. 2000, Cloern 2001, Richard et al. 2006, Jansen et al.
2011). Impact evaluations of shellfish culture - a rapidly growing industry worldwide (FAO
2013) — will need to take these various feedbacks between bivalves and their surrounding
system into account in an integrated way (Prins et al. 1998, Dame 2012), such as applying
an ecosystem modelling approach.

Quantitative data for the parameterisation of carrying capacity models is often incomplete.
Much of the literature deals with suspension-feeding by bivalves (see Cranford et al. 2011
for review), and less attention is given to bivalve nutrient regeneration rates. Previous
studies of suspension-feeding and nutrient regeneration often consider mussel biomass
in isolation from the associated community present both in and on culture systems (e.g.
Smaal & Prins 1993, Cranford et al. 2007, Brigolin et al. 2009). Quantitative information
on whole-community regeneration rates is needed, as bivalve communities can differ
from individual bivalves, in terms of magnitude of nutrient release rates, and nutrient
stoichiometry. Only a limited number of studies have investigated intact suspended
mussel culture (Nizzoli et al. 2005, Richard et al. 2006, Jansen et al. 2011), and have
shown that the biological community and the organic material that is associated with the
mussel population can significantly contribute to nutrient exchange rates. Furthermore,
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the cultures that were the subject of these studies were fully developed and dominated
by adult mussels. Quantitative information on the nutrient regeneration rates of mussel
spat is generally lacking (McKindsey et al. 2006). Whereas, small sized mussels are known
to display high weight-specific metabolic activity (Smaal et al. 1997b), so that SMCs are
expected to have a relatively high impact, compared to adult mussel assemblages. This
lack of information is currently of concern in the Netherlands, where suspended Seed
Mussel Collectors (SMCs; Mytilus edulis) are being increasingly used in spat collection.

SMCs were developed to relieve fishing pressure on natural seed beds and to stabilise
seed supply in the context of variable spatfall on natural beds. SMCs consist of ropes or
nets that are suspended in the water column, providing a substrate for settlement by
mussel larvae. In the Oosterschelde estuary and Western Wadden Sea SMCs are deployed
between March and April and harvested August to October. Seed is harvested from SMCs
and placed on bottom culture lots at ca. 2 cm shell length. This seed collection technique is
currently undergoing upscaling, with the aim of replacing fisheries and supplying 40x10°
kg mussel spat per year by 2020 (Kamermans et al. 2002, Meijer 2010). The mussel biomass
on the SMCs consists entirely of juveniles and is additional to existing stocks. A complex
of Associated Fauna, Flora, and Organic Matter including trapped feces and pseudofeces
(hereafter termed AFFOM cf. Richard et al. (2006); but with an F added to indicate the
addition of flora) is associated with the culture structures, and may contribute to nutrient
exchange.

The Oosterschelde estuary is a shallow, macrotidal and mesotrophic (classification
of Nixon 1995) area in the Netherlands that is dominated by mussel culture. Prins and
Smaal (1994) demonstrated that nutrient regeneration by filter feeders was important in
maintaining primary production after dramatic changes in hydrodynamics, turbidity and
water residence times, due to a coastal engineering project (see also Nienhuis & Smaal
1994b). Filtration, biodeposition and nutrient regeneration through mussels increased
phytoplankton turnover. Meanwhile an expansion of invasive wild oysters (Crassostrea
gigas) may have led to overgrazing in some parts of the Oosterschelde (Smaal et al. 2013).
Expansion of musselseed stocks through seed collectors may contributetofurtherdecrease
of primary production, hence overgrazing, but their capacity for nutrient regeneration
may also enhance nutrient availability for phytoplankton production, particularly as the
collectors are deployed in the water column. The impact also depends on the spatial
and temporal arrangements of the SMC’s in the system. Nutrient concentrations have
minimum values in the Oosterschelde in the late spring and summer period (Kromkamp
& Ihnken 2012), when the seed mussels are active.
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This study investigates nutrient cycling of SMCs in the Oosterschelde estuary. We
hypothesized that suspension-feeding bivalves can stimulate phytoplankton production
through regeneration of nutrients. We studied nutrient exchange rates across the SMC-
water interface during one summer growth season with the aim to 1) quantify uptake and
regeneration rates, and 2) assess the potential effects on nutrient stoichiometry in the
surrounding water.

4.2. Materials & Methods

Intact sections of SMC rope were incubated in situ in pelagic chambers, allowing
measurement of nutrient uptake and release rates.

4.2.1. Study area and SMC rope collection

The Oosterschelde estuary is a productive macrotidal system with a total volume of
2750x10° m3, a mean tidal volume of 880x10° m?, and a maximum current velocity of 1.0
m s7 (Nienhuis & Smaal 1994b). Salinity throughout 2012 was between 29 and 33 PSU
(Rijkswaterstaat, www.waterbase.nl).

As substrate for spat settlement, commercial ‘Xmas Tree Rope’ (Donaghys) was used. This
rope is thickly set with filaments to facilitate spat settlement and weighted down by a lead
core. Ropes of 6 m length were attached to rafts in a commercial mussel farm (51°55'N,
3°96'E) in the Oosterschelde estuary in the Netherlands on 4 May, 2012. Loops were formed
by attaching both ends spaced approximately 1 m apart to main farm lines resulting in a
maximum submersion depth of 3 m. Ropes were collected the day before each incubation
and transported immediately by car to the experimental study site (51°62'N, 3°69'E) within
the same basin where they were cut into shorter sections, placed suspended in the water
column and left overnight to acclimatise.

4.2.2. Experimental design

Nutrient uptake and release rates were determined for intact SMC rope sections using
pelagic chambers. Incubations were conducted on 27 June, 11 and 25 July, and 9, 14,
and 22 August (hereafter referred to as Julian days: day 178, 192, 206, 221, 226, 234,
respectively), spanning the period from 1 mm average shell length until harvestatca.2 cm
shell length. Pelagic chambers consisted of white rigid polyethylene floating enclosures
containing 86 L of water fitted with stirring propellers to keep the water mixed (Figure
4.1). Homogeneous mixing was verified by oxygen probe, by simultaneous triplicate
nutrient measurements at six different points within a chamber, and by observation of
the path of suspended particles. Although the water surface was exposed to air, oxygen
concentrations declined linearly (R*>0.99), suggesting that diffusion across the water-air
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interface was negligible (as described by Jansen et al. 2011). Irradiation of sunlight was
reduced to 20% of incident light (Li-Cor L1193 sensor) using darkened covering domes,
to counteract prolonged exposure of the water contained in the chambers relative to the
surrounding water that is mixed across a larger vertical gradient. Water temperature was
stable in chambers during incubations (max. variation 0.2°C).

. mussel rope

. stirring propeller
. chamber

. flotation cylinders
. covering dome

F. O, probe

moOm>

73 cm

B
=

51 cm

Figure 4.1. Schematic drawing of a pelagic chamber, side view.

In total seven identical pelagic chambers were used during each incubation; five chambers
holding sections of SMC rope and two chambers without ropes serving as controls.
Results of one mussel chamber were excluded on days 226 and 234 because of propeller
malfunction. Total rope length added to chambers varied (range: 18-200cm) in order to
keep biomass similar. Nevertheless biomass was lower during the first two incubations
because mussels were still very small. Incubations started when mussel ropes were placed
in the chambers and were terminated after 75 min, or earlier if oxygen concentrations had
decreased by 15-20% compared to start concentrations (Richard et al. 2006). This resulted
in 55 — 75 min incubations except on day 178 (240 min) because of very low mussel
biomass. After incubations, ropes were carefully removed from chambers and transported
cooled to the laboratory.

4.2.3. Mussel & AFFOM abundance and biomass

All ropes were processed in the laboratory immediately after each incubation. Mussels and
AFFOM were stripped from ropes by hand and size-fractionated using a 1000 pm mesh
size sieve positioned on top of a 250 um mesh size sieve. Fractions retained on sieves were
stored at -18°C until analysis, and water containing any material that passed through both
sieves was stirred and sampled in triplicate for inorganic and organic content analysis.
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Water samples containing <250 um material were filtered the same day onto pre-ashed
and pre-weighed Whatman GF/C filters, dried for at least 24 h at 70°C, and subsequently
ashed for 4 h at 520°C to determine organic matter content. At a later date, mussels and
remaining AFFOM retained on sieves were separated by hand after thawing. The 250-
1000 um fraction was only quantified for incubations on days 1, 192 and 206 because its
biomass became negligible compared to that of the >1000 um fraction (on day 192 the
250-1000 pum fraction comprised 7% of mussel biomass, on day 206 this was < 2%). The
number of mussels was determined from a subsample, using a binocular microscope. Bias
resulting from mussels smaller than the mesh size being retained on the sieve or mussels
with a greater shell length than the mesh size passing through was avoided by excluding
all individuals smaller than 375 um from analysis (exclusion of 3.6% of individuals in the
250-1000 pm fraction on day 178; 4.4% on day 192; 0.0% on day 206). Shell length was
measured for 100 mussels per chamber using a digital camera (Leica DFC280) attached
to a binocular microscope and software ImageJ (version 1.44P). The procedure for the >
1000 um fraction was identical, and was performed for all incubations but without optical
magnification. In addition, ash-free dry weight (AFDW, tissue + shell) was determined
for at least 29 randomly selected mussels per incubation from this fraction using an
automated drying (70°C) and ashing (520°C) system (Prepash 340). AFFOM AFDW density
was quantified by pooling AFFOM from both size fractions (for incubations in which both
size fractions were processed), by drying for > 48 h at 70°C and ashing for 4 h at 520°C.

4.2 .4. Water parameters
Fluorescence was logged during incubations at 10 s intervals in one of the mussel
chambers using a submersible fluorescence probe (Cyclops-7, Turner Designs).

To determine ambient Chl a concentrations before the start of each incubation,
fluorometric Chl a acetone extraction determinations using glass bead homogenisation
were performed on at least one 1000 ml water sample. Samples were filtered on Whatman
GF/F filters and stored in darkness at -80°C. Spinach extract (Sigma) was used as reference,
and correction for phaeophytin after acid addition was applied.

Water samples for particle concentrations (40 ml) were taken before rope insertion, at the
start, and then at 10 min intervals during the first 30 min of incubations. Samples were
quickly analysed in the field using a portable particle analyser (Pamas S4031 GO fitted
with a HCB-LD-15/25 sensor) logging 32 size bins between 1 and 100 pm (the counter’s
range limits).

Oxygen concentrations were logged at 1 min intervals throughout incubations in four
mussel chambers and both control chambers (Hach-Lange HQ40D equipped with LDO
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sensor). Carbon excretion was calculated from oxygen consumption using a mean
Respiratory Quotient (RQ) of 0.85 (Hawkins & Bayne 1985).

Water samples for dissolved inorganic nutrients were taken at the start and end of the
incubations. Samples were immediately filtered on pre-washed Whatman cellulose acetate
membrane filters with 0.45 um pore size, and kept on ice in the dark until storage later the
same day at -18°C (14 ml; total ammonia nitrogen (TAN), nitrate, nitrite, phosphate) or 4°C
(20 ml; silicate). Dissolved inorganic nitrogen was calculated as the sum of TAN, nitrate
and nitrite. Samples were analysed within two months on a Skalar San++ autoanalyser
according to the manufacturer’s directions.

Water samples (1 L) for ambient particulate organic matter (POM) and for C and N (POC
and PON) determination were taken from ambient water at the start of incubations and
filtered over pre-combusted and pre-weighed Whatman GF/C filters. Filters were dried for
at least 24 h at 70°C. For POM analysis, filters were then ashed for 4 h at 520°C. For POC
and PON analysis, filters were stored in sealed containers at -18°C until analysis, within 8
months using a model NC2500 element analyser (CE instruments). Particulate organic P
(POP) was obtained from the nearest routine monitoring station (51°36'N, 3°43'E) sampled
fortnightly by Rijkswaterstaat of the Ministry of Infrastructure and the Environment (www.
waterbase.nl).

4.2.5. Calculation of exchange rates

All exchange rates were calculated from concentration differences measured in chambers
over time. Because exchange rates occurring in control chambers cannot be considered
fully representative of background rates in mussel chambers due to the depletion of
plankton by mussel grazing, rates determined for control chambers were not subtracted
from rates measured in mussel chambers but are presented separately.

Cleara
Clearance rates (L h" m™ rope) were calculated per chamber for each incubation based
on the fluorescence signal and on particle concentrations separately, using the equation
(modified from Coughlan 1969):
Po

CR = (%) * M(Tpf) Equation 1
Where V is the chamber volume (L), D is the number of mussels per m rope, N is the
number of mussels in a chamber, P, and P are the particle concentration or fluorescence
signal at time 0 and t, respectively, and t indicates the time interval (h). The term @
is given by the negative of the slope (h”) of a linear regression fitted to natural Iég-
transformed concentration or fluorescence series over time for the period during which
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the series progressed in a linear way. Some particle concentration time series showed
erratic patterns; such series were excluded from further analysis (10% of cases).

Particulate nutrient uptake

Uptake of particulate C, N and P was determined by multiplying clearance rates with
particulate organic carbon (POC), nitrogen (PON) and phosphorus (POP) concentrations.
The Whatman GF/Cfilters used to determine these concentrations have effective mesh size
1.2 um. Particles < 4 um, however, are considered to be retained incompletely by bivalves
(Mohlenberg & Riisgard 1978). Indeed, particles in the 1-4 um size range were cleared at
70-100% of the rates measured for particles > 4 um (where differences were significant;
Student’s t-test, p<0.05, n=>5), except on day 178 (13%). Particles smaller and larger than
4 um were assumed to have the same nutrient composition. Therefore, clearance rates
were calculated for size fractions 1-4 um and > 4 um separately, and multiplied by the
proportion of total particle volume within that fraction, assuming spherical particles (the
1-4 um size range made up on average 4.8% of total particle volume in the 1-100 pm size
range covered by the particle analyser).

Dissolved oxygen and inorganic nutrient release rates

Oxygen and dissolved inorganic nutrient release rates (umol m™ rope h') were calculated
from the difference between start and end concentrations for each incubation, using the
equation:

F= % Equation 2
where C, and C,are end and start concentrations (umol L"), respectively, V is the chamber
volume (L), t is the incubation time (h), and L is rope length per chamber (m). Where a
single mussel chamber showed opposite directionality (e.g. uptake versus release) to all
others in the same session, the single measurement was considered unreliable and was
excluded from further analysis.

Data standardisation

For literature comparisons, uptake and release rates were standardised to unit mussel
weight using two different methods. Firstly, a linear standardization was performed by
dividing rates by mussel weight (g AFDW). Secondly, to enable more direct comparison
with other studies, rates were standardized based on allometric scaling of rates with
mussel weight (Bayne et al. 1976a b). Rates were standardised to unit mussel weight
(giving pmol g AFDW h") using the equation (Prins & Smaal 1994):

_ F
= b
Xnw;

Equation 3
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where Fis the measured in situ rate (umol h™"), n is the number of mussels in size class i, with
individual ash-free dry weight W, and b is the weight-exponent. Exponent b used in the
literature varied, and standardisations were adapted for different literature comparisons
accordingly. Exponents used are given in Table 4.3B, where literature comparisons are
made. The value for exponent b used in literature for TAN excretion was also used for
calculations involving phosphate, nitrite, nitrate, and silicate, because no empirical values
were found.

4.2.6. Statistical analysis

Linear regression functions were tested for statistical significance using ANOVA tests.
Normality of data was visually checked using a Q-Q plot, and equality of variances using
studentised residuals plotted against predicted values. All statistical tests were performed
using software R (version 2.15.1). All values are presented as averages + standard error,
unless stated otherwise.

4.3. Results

4.3.1. Rope composition and start conditions

Average mussel weight and shell length increased throughout the season from 0.165 mg
AFDW and 1.1 mm in late June to 29.0 mg AFDW and 16.8 mm in late august (Figure
4.2). Exponential functions produced a good fit with mussel growth in terms of average
weight (R?>0.98, p<0.0001) and average shell length (R?>0.99, p<0.0001). Shell length
correlated well with mussel AFDW (R*>>0.97, p<0.0001) except on the first sampling day,
when weights were near the detection limit. The length-weight relation of all analysed
mussels together was described by the regression function: W= 0.04279 * 2% (R? = 0.92,
p < 0.0001), where W is mussel weight (mg AFDW) and L is shell length (mm).

AFFOM biomass was considerable, rising to 62.8 g AFDW m™ on day 234 (Table 4.1). The
fraction retained on a 250 um sieve consisted primarily of green filamentous algae on
days 1 and 15, of a mixture of green filamentous algae and hydroid polyps on days 29 and
44, and of hydroid polyps on subsequent dates. This fraction made up more than half of
the total AFFOM biomass, except on day 221. The contribution of AFFOM to total rope
AFDW declined linearly (R*>0.99; p<0.0001). Mussels became the dominant component
around day 206.

Water temperature measured on incubation days increased during the study period from
17.6°Ct0 20.7°C (Table 4.1). Chl a concentrations ranged from 1.4 to 8.4 ug L. At the study
site during the study period, ambient inorganic nutrient concentrations fluctuated (Figure
4.3A). Particulate organic C, N and P covaried (Figure 4.3B).
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Figure 4.2. Average mussel weight (n=29) and shell length (n=500). Lines are fitted exponential
regression functions.
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Figure 4.3. Dissolved inorganic (A) and particulate organic (B) nutrient concentrations at the study
site measured at the start of incubations. DIN: Dissolved Inorganic Nitrogen; POC/N/P: Particulate
Organic Carbon/Nitrogen/Phosphorus.
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4.3.2. Particle clearance rates

Clearance rates calculated from particle (>4 um; n=5 chambers per incubation date)
concentrations showed the same increasing general trend as clearance rates calculated
from Chl a fluorescence (n=1 chamber per incubation date), but were lower on days
221 and 234 (Figure 4.4). Particle depletion was rapid with >60% reduction after half the
incubation time. Clearance rates did not correlate with initial Chl a concentrations. Particle
concentrations in control chambers decreased during the first three sampling dates,
whereas they increased during the last three sampling dates (Table 4.2). On day 178,
biomass was considered too low for reliable measurements, which is reflected in minimal
difference between particle depletion in mussel and control chambers.
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Figure 4.4. Clearance rates calculated from fluorescence signal (solid symbols), and from particle (>
4 um) concentrations (open symbols), standardised to 1 m rope.

Table 4.2. Comparison of per cent change relative to start concentrations in particle and nutrient
concentrations between mussel (n=5) and control (n=2) chambers. For particle concentrations,
the table represents only the intervals considered for clearance rate calculations. For nutrient
concentrations, the table represents the full incubation period.

particles DIN P Si
Julian day mussel control mussel control mussel control mussel control
178 -23% -20% 49% -3% 11% -31% 140%  -138%
192 -69% -20% 98% 8% 90% -3% 19% 10%
206 -69% -39% 145% 19% 185% 13% 41% -25%
221 -23% 20% 50% -4% 75% 0% 8% -2%
226 -69% 16% 127% -49% 90% -7% 76% 5%

234 -56% 13% 67% -37% 55% -3% 19% -2%
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4.3.3. Oxygen and nutrient uptake and release

Oxygen uptake and nutrient release rates generally increased over the season (Figure 4.5).
Nutrient uptake rates showed some variation, a result of variation in particulate nutrient
levels (Figure 4.3). On day 226 there was as a peak in Si release rate, which was not reflected

in the other nutrients.
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Figure 4.5. Average (n=5) element exchange rates standardised to 1 m SMC rope. Uptake of O,,
particulate organic carbon (POC), nitrogen (PON) and phosphorus (POP), and release of dissolved
inorganic carbon (CO2), nitrogen (DIN) and phosphorus (PO4). Dissolved inorganic nitrogen (DIN)
represents the sum of total ammonia nitrogen (TAN), nitrate and nitrite. No lines shown between
the first incubation and other dates because mussel biomass was considered too low on the first

incubation for reliable measurements.

Changes in oxygen concentration in control chambers were < 3% compared to initial
values. Nutrient exchange rates in control chambers were mostly small compared to those
in mussel chambers (Table 4.2). This was not the case for phosphate and silicate release
rates during the first incubation on day 178, when biomass in chambers was very low.
Therefore, this incubation was excluded from further analysis. On days 226 and 234, DIN

levels in control chambers decreased during incubations.
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Clearance rate, oxygen uptake, and nutrient release rates averaged per individual mussel
increased with average mussel weight, and good fits (R%0.75; p<0.0001) were obtained
with allometric scaling functions (y=ax®) (Figure 4.6). The fit for silicate was strongly
influenced by the peak in silicate release on day 226. Removing this date improved the
fit to R? = 0.94. For nitrate, the last sampling day, 234, was removed from this analysis
because uptake rather than release was measured (Figure 4.5B).

1E+01
=
]
$  1E+00
=]
E~
o=
# g 1E-01
-0 X4
.3 .
ZE °
o -
23 1E-02 1 &
32
=®
LA °® g
< § s
$& 1E-03 o
53
€0 o
X
-
2 1E-04
=)
°
0
2
©
1E-05
0 1 10 100
average individual weight (mg AFDW)
parameter symbols line a b R2
02 consumption < & 0.315 0.765 0.97
TAN release [ ) o | = 0.039 0.562 0.94
CR (> 4 ym) A A | ----- 0.016 0.625 0.78
phosphate
release | ] O —_——— 0.005 0.700 0.95
silicate release 0.002 0.856 0.75
nitrate release 0.001 0.618 0.90
nitrite release 0.002 0.832 0.86

Figure 4.6. Oxygen consumption, clearance rate (CR), and nutrient release rates (TAN = total
ammonia N) standardised to one individual mussel as a function of average mussel weight. Each
data point represents one individual chamber. Lines are fitted regression functions with the equation
y=ax®; symbols, coefficients, and R? values are provided in the legend table. All regression fits were
significant (p<0.0001). Open symbols represents results obtained at the first incubation, which were
excluded from analysis because mussel biomass was considered too low for reliable estimates. For
nitrate, day 234 was excluded because rates were negative.
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Figure 4.7. Molar elemental nutrient ratios of the particulate organic matter (POM) mussel food
source at the study site (n=1), of dissolved inorganic nutrients in ambient water at the study site
(n=3), and of released dissolved inorganic nutrients (n=5). A) C:N ratios, B) N:P ratios, C) N:Si ratios.
Horizontal dashed lines represent Redfield ratios. No lines shown between the first incubation and
other dates for released nutrients because mussel biomass was considered too low on the first
incubation for reliable measurements. N:Si ratio of ambient water not shown for the first incubation
because a very large value (611.6) resulted from low ambient Si concentration.
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4.3.4. Nutrient stoichiometry

C:N ratio of particulate organic material (POM) (6.1 £ 0.1), was close to Redfield’s ratio
(Figure 4.7A), while the N:P ratio (31.1 £ 4.0) was higher than Redfield’s ratio (Figure 4.7B).
N:P ratio of dissolved inorganic nutrients released by SMC ropes (6.8 + 1.2) was comparable
to that of dissolved inorganic nutrients in ambient water (6.9 + 1.3), and both were lower
than Redfield’s ratio (Figure 4.7B). N:Si ratio of dissolved inorganic nutrients released by
SMC ropes (19.2 + 5.6) was higher than that of dissolved inorganic nutrients in ambient
water (4.4 + 1.4), and both were higher than Redfield’s ratio (Figure 4.7C). Ratios of N:P and
N:Si of dissolved nutrients in the surrounding water correlated with the ratios of released
nutrients (N:P R?=0.54, p<0.0001; N:Si R?=0.67, p<0.0001).

4.4, Discussion

This study provides new data on nutrient uptake and release rates, and nutrient
stoichiometry, measured in situ on intact mussel spat collector ropes in a eutrophic
macrotidal system, in relation to biomass development on the ropes.

4.4.1. Nutrient limitation and stoichiometry

To determine whether nutrient regeneration through SMCs could stimulate primary
production in the Oosterschelde estuary, the timing of nutrient regeneration as
established in this study must be combined with information regarding the occurrence
of nutrient limitation.

Potential N-limitation for phytoplankton primary production was suggested by relatively
low N:P ratios at the field site compared to Redfield’s ratio indicated. In fact, minimum DIN
concentration in the Oosterschelde estuary averaged over all three routine monitoring
stations was lower than detected at the field site, reaching 1.75 pmol L in late August
(Rijkswaterstaat, www.waterbase.nl). This is below the half-saturation coefficient of 2 umol
L' used by Philippart et al. (2007). Depletion of DIN in control chambers on days 226 and
234 also suggests rapid uptake by plankton, further indication of a nitrogen shortage in
this period. It has been argued that DIN is likely not limiting for primary production in the
Oosterschelde estuary in summer (Kromkamp & lhnken 2012). However, the analysis of
these authors was based on the previous year, 2011. In late August, DIN regeneration rates
by SMCs were high, and we conclude that nitrogen regenerated by SMCs likely stimulated
primary production in this period.

A potential for Si to be more limiting than N or P, for primary producers that are dependent
on this element, was suggested by high N:Si combined with low N:P ratios compared to
Redfield’s ratio at the field site. Furthermore, the difference between ratios of dissolved
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inorganic nutrients between ambient water and released nutrients was greater for N:Si
than for N:P, possibly reflecting faster uptake of Si than of P. Kromkamp and Ihnken (2012)
argue that Siis likely limiting for diatom growth in the Oosterschelde estuary in summer. In
the summer of 2012, silicate concentrations below the half-saturation coefficient of 2 umol
L' used by Philippart et al. (2007) were not observed system-wide, but were measured
in mid-July at the field site (0.58 pumol L") and at the most easterly routine monitoring
station (1.50 umol L7, Rijkswaterstaat, www.waterbase.nl). We therefore conclude that Si
regenerated by SMCs likely stimulated primary production by diatoms in this period in
certain areas.

Finally, phosphorus concentrations below the half-saturation coefficient of 0.2 umol
L' used by Philippart et al. (2007) were not detected after late May (Rijkswaterstaat,
www.waterbase.nl), so that phosphorus regeneration through SMCs was not likely to
substantially stimulate phytoplankton production.

In addition to the implications of regeneration of each separate nutrient, their relative
availabilities may change. Proportionally more N than Si was released by SMCs than was
present in surrounding water. If N and Si limitation of phytoplankton production were
to occur at the same time, such a balance could suppress diatom growth in favour of
non-siliceous phytoplankton (Turner et al. 1998). This would counteract a general trend
of increasing riverine Si loads and concentrations in continental coastal waters in the
Southern Bight of the North Sea (Prins et al. 2012). In terms of the N:P ratio, there was little
difference between nutrients released by SMCs and nutrients in the surrounding water.
Substantial variation in N:P ratios of nutrients released by mussel assemblages has been
reported in literature. Compared to a range of studies on individual mussels or mussel
beds in the wider region, and of suspended culture ropes in Canada, Norway and lItaly
(Asmus et al. 1990, Dame et al. 1991, Prins et al. 1994, Schluter & Josefsen 1994, Nizzoli et
al. 2005, Richard et al. 2006, Jansen et al. 2011, 2012a b), N:P ratio of released nutrients was
the lowest in the current study, except for mussel beds reported by Dame et al. (Dame et
al. 1991). Among these studies, no uniform tendency was found in the dissolved inorganic
N:P ratios of released nutrients being either higher or lower than in surrounding water,
although in the studies of isolated intact culture rope sections by Jansen et al. (2011) and
Richard et al. (2006), they were higher. But in the case of N:Si ratios there was agreement:
greater N release relative to Si was reported in all of the studies considered previously that
also measured Si (Asmus et al. 1990, Dame et al. 1991, Prins et al. 1994, Richard et al. 2006,
Jansen et al. 2011).

Furthermore, correlations of dissolved inorganic N:P and N:Si ratios of ambient water
with those of nutrients released by the mussel ropes were evident, despite the absence
of SMC installations in the immediate vicinity of the field site. However, the presence of
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hard substrate at the field site may have facilitated substantial populations of mussels and
oysters (personal obs.). Assuming that these populations would exhibit similar nutrient
cycling activity in terms of stoichiometry as the SMC ropes, this finding would lend further
support to the theory that bivalve suspension feeders play an important role in nutrient
circulation in the Oosterschelde estuary (Smaal et al. 2013), and can potentially change
nutrient stoichiometry.

4.4.2. Nutrient and oxygen exchange rates over the growth season
Increasing oxygen uptake rates per m SMC rope indicated an increase in SMC activity over
the season. Increasing clearance rates over the season resulted in a rise in nutrient uptake
rates. The increasing release rates of TAN and phosphate over the season were expected
because these compounds are excreted by mussels (Prins & Smaal 1994).

However, nitrate, nitrite and silicate release rates also increased over the season, although
these compounds are not excreted by mussels. Nitrification likely occurred through
decomposition of organic material on SMC ropes (e.g. Richard et al. 2006), but may also
be caused by bacteria colonising the mussels (Welsh & Castadelli 2004). Nitrate, nitrite
and silicate release (Asmus et al. 1990, Prins & Smaal 1994, Jansen et al. 2012a) does not
appear to originate directly from the mussels (e.g. Prins & Smaal 1994, Richard et al. 2006,
Jansen et al. 2012a) - although Asmus et al. (1990) argued that they observed silicate
release from individuals. Silicate differs from the other elements as its regeneration relies
on dissolution processes rather than biological activity. Dissolution rates from materials
such as diatom frustules may be enhanced as a result of fragmentation due to bivalve
grazing (Paasche 1980). On SMCs, accumulating mussel feces could therefore contribute
to increasing silicate release rates during the summer, as observed in the current study.
This reinforces the relevance of studying community scale processes, as performed here
using intact sections of rope.

Good regression fits were found for clearance rate, oxygen consumption and nutrient
release rates per mussel as a function of average mussel weight. Functions of the form y
= ax® were chosen because such allometric relations with individual mussel weight have
been described for clearance rate, oxygen consumption, and TAN release (Bayne et al.
1976a b). Fits were remarkably good, considering that allometric relations are generally
determined under controlled conditions, and that large seasonal variability is known to
occur (e.g. Bayne & Scullard 1977). This suggests that AFFOM activity was either very small
or scaled proportionally with mussel biomass or activity. Previous studies have shown that
the contribution of AFFOM to nutrient regeneration rates can in fact be substantial on
mussel culture structures (Nizzoli et al. 2005, Richard et al. 2006, 2007b) and mussel beds
(Prins & Smaal 1994), depending on its abundance and composition (Richard et al. 2006,
Jansen et al. 2011, 2012b). Two studies of suspended mussel culture argued that AFFOM
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was active in nutrient turnover, while reporting lower AFFOM biomass than the current
study: Jansen et al. (2011) reported 0.1-1.53 g AFDW m™ fauna > 1 mm, and Richard et
al. (2006) reported 0.01-0.25 g AFDW m™ fauna > 0.5 mm, while the current study found
19.5 g AFDW m™ AFFOM > 1 mm. Neither authors measured any flora. Furthermore,
the current study showed >3 times higher organic material per m of rope retained on
Whatman GF/C filters than Jansen et al. (2011) (this fraction was not reported by Richard
et al. 2006). Similar to the contribution of AFFOM, any variation caused by environmental
parameters was either very small or was captured within the allometric relations. A
potential temperature effect on the trend of mussel activity cannot be separated from
a size effect since incubations were carried out under ambient conditions and both
temperature and size increased over time. However, any temperature effect is likely to be
relatively small given the limited range of temperatures the SMC'’s were exposed to over
the course of this study (17.6-20.7°C). Furthermore, as Smaal et al. (1997b) argue, effective
adaptation of feeding activity takes place over a much wider range of temperatures. The
peak in silicate release on day 226 could not be ascribed to one of these factors. Despite
the uncertainties, knowledge of only mussel density and biomass allows prediction of
exchange rates for the SMC growth season in our study area.

Although determined onintact communities under field conditions, allometric parameters
were of similar magnitude to those reported in literature for individual animals, and we
provide some here for reference. The allometric exponent of 0.63 for clearance rate was
higher than the 0.5 reported by Smaal et al. (1997b) for adult mussels in the Oosterschelde
estuary, but closer to the average value of 0.58 reported by Cranford et al. (2011) for a
range of shellfish species worldwide. The exponent for respiration rate of 0.77 was higher
than the 0.65 reported by Smaal et al. (1997b), and the exponent for TAN release of 0.56
was lower than the 0.66 reported by Smaal et al. (1997b).

Nutrient exchange rates represent the net effect of uptake and release by the rope
community, as well as the plankton population present in the incubation chambers.
Dynamics measured in control chambers can thereby be considered an extreme
reflection of the contribution of the plankton, while it is likely that plankton activity was
considerably smaller in rope chambers due to rapid plankton removal by mussel grazing.
Particle concentrations in control chambers were not stable, showing a decline during the
first three sampling dates and an increase during the last three sampling dates, indicating
active plankton processes. Pilot studies performed in early spring indicated stable particle
concentrations throughout extended incubations (> 3 h) in control chambers, both by
using a model Z2 Beckman Coulter Counter and by SPM measurements using Whatman
GF/C filters (data not shown), suggesting that the plankton was more active in summer.
The peaks in nutrient uptake rates on day 226 were produced by relatively high POC,
PON and POP concentrations, coupled with high clearance rates. Chl a levels at the field
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site varied, but were high enough to sustain feeding (Cranford et al. 2011), which was
confirmed by a lack of correlation of clearance rates with initial Chl a concentrations.

4.4.3. Literature comparison of exchange rates

Nutrient release, oxygen uptake, and clearance rates were compared with rates reported
in literature in two ways. Firstly, rates expressed per individual animal were simply divided
by the average individual ash-free dry weight. These rates were an order of magnitude
greater than reported in literature for individual mussels, as well as for natural and cultured
assemblages, in summer (July-September) (Table 4.3A). The only results in the same order
of magnitude were reported for suspended culture in Italy by Nizzoli et al. (2005), but
these authors incubated ropes together with underlying sediment. This exceptionally high
activity of SMCs needs to be taken into account when estimating ecological implications.
Small individuals are known to exhibit greater weight-specific activity, and clearance,
oxygen consumption and release rates of TAN and phosphate scale allometrically with
body weight (Bayne et al. 1976a b). The mussel assemblage on SMC ropes consisted solely
of juveniles, whereas assemblages considered in other studies were dominated by adults.
Toillustrate the difference, even at the latest sampling date there were 7031 £ 863 indivm™
on the ropes with a combined mass of 206 g AFDW. Whereas, Jansen et al. (2011) reported
543 indiv m™ with a mass of 383 g AFDW for suspended rope culture, and Richard et al.
(2006) reported 382 adults m™ with a mass of 220 g AFDW (an additional maximum 50040
spat m™ in their September measurements contributed only 0.1% to mussel biomass).

Secondly, a size-independent comparison between studies was made by accounting for
the allometric relation in the manner described by Prins and Smaal (1994), standardising
all rates to an animal of 1 g AFDW. This comparison (Table 4.3B) produced lower rates
per unit AFDW, generally in the same order of magnitude as studies performed in
different areas and with a large size range of mussels (20 — 80 mm average shell length).
Allometric exponents used in the other studies varied, and data from the current study
were recalculated to match the other studies. Clearance rate observed in our study was
somewhat lower than in studies of suspended culture and individual mussels, but higher
than in a study of an artificial mussel bed. Oxygen consumption rate was in the range
reported by other studies. TAN release rates were higher than reported by studies of
suspended culture and individual mussels, but a mussel bed showed higher TAN as well as
nitrate release rates (Prins et al. 1994). Phosphate release rates were higher than reported
by the other studies including the mussel bed.
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An obvious difference between mussel beds and suspended culture structures is the
greatly increased accumulation of deposited material on the beds, including feces and
pseudofeces (Newell 2004), which on SMCs are by and large transported away by water
currents and decompose underneath (Hatcher et al. 1994, Callier et al. 2006) or some
distance away from culture structures (Giles et al. 2009). The high DIN regeneration rates
reported for a mussel bed by Prins and Smaal (1994) may be due to the decomposition
of this material. A greater role of decomposition of deposited material on the mussel
bed is also suggested by a high contribution of nitrate and nitrite to total DIN release
rates (>20%; Prins et al. 1994) in contrast to the current study and Jansen et al. (2011) and
Richard et al. (2006) (all <12%). This highlights the need to quantify nutrient regeneration
from decomposition of feces and pseudofeces from SMCs in order to assess nutrient
regeneration at an ecosystem scale. Moreover, ratios of N:P:Si from decomposing feces and
pseudofeces may differ from ratios of nutrients released directly from culture structures
(e.g. Jansen et al. 2011, 2012b). Nutrient regeneration from decomposition of feces and
pseudofeces from SMCs was beyond the scope of the current study but will be addressed
in a separate study (Chapter 5 in this thesis).

4.5, Conclusions

Nutrient uptake and release rates from SMCs were quantified during a growth season
(spring and summer), starting at 1 mm average shell length. Uptake and release rates were
described well by allometric functions of average mussel weight, despite the presence of
substantial AFFOM on ropes. Weight-specific nutrient release rates were much higher than
reported for other systems, which was attributed to enhanced activity of small specimens.
The high specific activity of SMCs needs to be taken into account when considering
ecological implications and environmental impacts. Accounting for high weight-specific
activity of small mussels, SMCs released more phosphate than reported in other studies.

This study showed that SMCs can affect the relative availability of N, P and Si, releasing
more N relative to Si than was present in ambient water. Furthermore, this study showed
that in the summer of 2012, SMCs likely stimulated phytoplankton primary production
through regeneration of both N and Si at different points in time. In the latter case,
stimulation would be restricted to diatoms. We conclude that SMCs thus are able to
stimulate phytoplankton production rates, and thereby carrying capacity, and are also
able to influence phytoplankton composition.
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Abstract

Suspension-feeding mussels exert top-down grazing control on primary producers,
and provide bottom-up feedback of regenerated nutrients. Besides direct excretion, an
important pathway of nutrient regeneration is through the decomposition of feces and
pseudofeces, of which mussels can produce large quantities. Information on their quality
and nutrient regeneration rates is scarce. Feces and pseudofeces, produced in varying
proportions, are commonly treated as one pool. We determined nutrient regeneration
rates of feces and pseudofeces decomposition in incubations using natural seawater and
juvenile Mytilus edulis from spat collectors. Besides one 1993 trial, our results are the first
to present nutrient regeneration dynamics of feces and pseudofeces separately. Dissolved
inorganic nitrogen (DIN) and phosphate regeneration continued at stable rates for
approximately three weeks, after which 13.1% and 12.4% of the available N and 8.7% and
7.9% of the available P was regenerated from feces and pseudofeces, respectively. Rates
of silicate regeneration declined continuously, which we attribute to its accumulation in
the experimental setup. Coinciding potentially limiting environmental levels of DIN and
silicate indicate the potential ecological relevance of biodeposit decomposition. Overall
DIN regeneration rates were similar between feces and pseudofeces, but depletion of
ammonia was initially more rapid for pseudofeces due to stronger nitrification. Phosphate
regeneration rates were 1.1 times greater from feces than pseudofeces, and silicate
regeneration rates 1.4 times. Future research should clarify the role of bivalve suspension
feeders in controlling Si and P availability in coastal ecosystems as relating to the
proportion of pseudofeces generated, which depends on food concentration.
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5.1.Introduction

Suspension-feeding mussels have a large filtration capacity, extracting important
quantities of phytoplankton and other suspended matter from the water column (Cranford
et al. 2011). Concurrently, metabolic losses excreted by mussels as dissolved inorganic
nutrients constitute a feedback to primary producers (Prins et al. 1998, van Broekhoven
et al. 2014). A second pathway of nutrient feedback is the decomposition of feces and
pseudofeces (Giles & Pilditch 2006, Jansen et al. 2012b), together called biodeposits,
of which mussels produce substantial quantities (Tsuchiya 1980, Smaal et al. 1986).
Pseudofeces is the portion of filtered matter rejected during pre-ingestive selection,
expelled in loosely mucus-bound form, and feces is the portion of ingested filtered matter
egested after food processing in the digestive system (Gosling 2003). Biodeposition
represents a significant pathway in bivalve nutrient cycling. For example, 40-80% of N
filtered from the water can be expelled with biodeposits (Cranford et al. 2007, Jansen et
al. 2012a). Biodeposits can also contain substantial amounts of P, and of silica of biogenic
origin (Navarro & Thompson 1997). During biodeposit decomposition ammonia (which
may then be transformed into NO_as a result of bacterial nitrification), phosphate, and
silicate are released (Giles & Pilditch 2006, Callier et al. 2009, Jansen et al. 2012b). N and
P regeneration are biologically mediated, but Si primarily relies on chemical dissolution
(Paasche 1980). A substantial portion of the biodeposits is decomposed within days to
weeks (Giles & Pilditch 2006, Carlsson et al. 2010, Jansen et al. 2012b), so that nutrient
feedback to primary producers is relevant on the short term. On average, biodeposits
decompose more rapidly than phytoplankton or macroalgae (Giles & Pilditch 2006). Not
all material digested by mussels is fully decomposed, with, for instance, diatoms surviving
after ingestion and gut passage (Barillé & Cognie 2000).

Recently, some studies published results on mussel biodeposit decomposition (e.g.
Fabiano et al. 1994, Giles & Pilditch 2006, Carlsson et al. 2010, Jansen et al. 2012b) but
information on mussel biodeposit quality and nutrient regeneration rates is still scarce
(McKindsey et al. 2011). So far, none of the decomposition studies have made a distinction
between feces and pseudofeces decomposition patterns, which is reflected in ecosystem
modelling studies (e.g. Dabrowski et al. 2013). It has been suggested that feces may
decompose more rapidly than pseudofeces due to loading with bacteria from the animal’s
digestive system (Harris 1993, Fabiano et al. 1994). One preliminary experiment described
in Smaal & Prins (1993) suggested that feces may indeed decompose more rapidly than
pseudofeces, indicating the importance of studying decomposition dynamics of the two
biodeposit products separately. Given the variability in the proportional contribution of
pseudofeces to biodeposits in response to variability in food source and concentration
(pseudofeces contribution ranging from 0-90% in Foster-Smith 1975, and a similarly large
range in Tsuchiya 1980), lack of knowledge of differential nutrient regeneration rates
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leads to potential errors of unknown magnitude in our understanding and quantitative
estimates of nutrient regeneration rates from decomposing biodeposits. The present
study addresses this gap using replicated, separate incubations of feces and pseudofeces.

The study was conducted in the Oosterschelde estuary in the Netherlands, where large
stocks of bivalve suspension feeders are present, possibly reaching the carrying capacity
of the system (Smaal et al. 2013). In addition to the natural and cultured benthic bivalve
populations, a recent development in the study area is the introduction of Seed Mussel
Collector (SMC) systems (Kamermans et al. 2002). This results in additional mussel Mytilus
edulis stocks during the summer SMC season. In this period dissolved inorganic nutrient
concentrations, particularly Si and N, are periodically at limiting levels for primary
production (van Broekhoven et al. 2014). Policy decisions regarding future expansion
of SMCs are informed by ecosystem model predictions of impacts on other suspension
feeding bivalve populations (Meijer 2010, Kamermans et al. 2014b). It has previously been
shown that nutrient regeneration by bivalves can enhance primary production rates in
the Oosterschelde (Prins & Smaal 1994), so that nutrient feedbacks need to be taken into
account for such a model to accurately reflect the carrying capacity of the system.

The aim of the present study is twofold. Firstly, to quantify rates and proportions of
nutrient regeneration from decomposing M. edulis spat feces and pseudofeces. The
hypothesis is that measurable proportions of particulate organic nitrogen (PON), biogenic
silica (BSi), and particulate organic phosphorus (POP) contained in feces and pseudofeces
are regenerated within days to weeks, thereby constituting a relatively quick feedback
to primary producers. Secondly, to compare release rates of N, P and Si from feces and
pseudofeces. Rates are expected to be higher for feces than for pseudofeces. The study is
performed under controlled conditions using replicated incubations.

5.2. Materials & Methods

5.2.1. Mussels

Mussels were collected from a commercial SMC in the central part of the Oosterschelde
estuary (51°55'N, 3°96’E) on 5 August 2013. Shell length was determined to 0.01 mm for
387 randomly selected individuals using a digital calliper. These data were combined
with length-weight (tissue plus shell) relations (R?=0.99) established for 58 randomly
selected individuals from the sample using an automatic drying (70 °C) and ashing (520
°C) apparatus (Prepash 340). Mean shell length was 15.11 (£3.52) mm, mean dry weight
was 145 (+84) mg and mean ash-free dry weight was 22 (+13) mg.
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5.2.2. Biodeposit production

Approximately 711 g (wet weight) of mussels was distributed over six cylinders of 25 cm
diameter fitted with mesh bottoms (150 um mesh size), held in a water tank (Figure 5.1).
Unfiltered water was fed to the tank, pumped freshly from the Oosterschelde estuary at
the field station (51°59'N, 3°87'E), and entering the cylinders through the mesh bottoms.
Water left the setup through tubes installed at the tops of the cylinders. Water flow was
regulated by visual inspection to just below the rate where biodeposit particles were
occasionally observed to be transported on the upward flow and out of the setup. This
way all biodeposits settled on the mesh bottoms, but supply of food to the mussels was
ensured.

R
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Figure 5.1. Schematic of part of biodeposit production setup (not to scale); side view of one of the
six cylinders showing tank section. A: mesh with mussels and accumulating biodeposits; B: cylinder;
C: tank wall; D: water exit tube, penetrating tank wall and tightly fit. Water is pumped into the tank;
arrows indicate direction of water flow.

Suspended particulate matter (SPM) content of the water fed to the mussels was
determined by averaging daily triplicate measurements on the four days leading up to
and including the acclimatisation and biodeposit production periods. Samples of 1 L were
transported cooled and in darkness to the laboratory forimmediate filtration on Whatman
GF/F filters, with salt expelled using an ammonium formiate solution. Filters were dried at
103°C for gravimetric determination as dry weight (DW) followed by combustion at 550°C
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for ash-free dry weight (AFDW) determination. A separate set of duplicate Whatman GF/F
filters produced on the same days in the same way, but with salt expelled using demi water
instead of the ammonium formate solution, was kept dry and in darkness and analysed for
particulate nutrients within five months.

After placement in the biodeposit production setup, mussels were allowed to acclimatise
for 48 h. The setup was cleaned daily by removing accumulated material through a small
flexible tube by force of gravity. Biodeposits produced during the following 24 h were
collected through a small flexible tube in the same manner, and were used as the start
material for incubations.

Feces were separated from all other material, including pseudofeces, by repeated
decanting. Visual inspection confirmed the absence of feces particles from the remaining
fraction. No further separation between pseudofeces and other material deposited in
the production setup could be made. The contribution of non-biodeposit material to the
pseudofeces fraction was estimated in a series of trials. Material deposited in a control
cylinder amounted to 10% of the DW (analysis described below) and 10% of the AFDW
of the total material deposited in a mussel cylinder (feces + pseudofeces + the other
deposited material). In the mussel cylinder, feces made up 47% in DW and 41% in AFDW.
This means that of the non-feces material, 81% of the DW and 84% of the AFDW was in
fact pseudofeces. This method of biodeposit production yielded large enough quantities
to enable replicated incubations in relatively large water volumes, but a limitation is that
leakage of dissolved material during the production period (e.g. Carlsson et al. 2010) is
not captured.

5.2.3. Incubations

Incubations were performed in cylindrical 520 ml transparent polypropylene containers
of 95 mm height, closed with lids of the same material. To include the various constituents
of the microbial loop from seawater that can contribute to nutrient regeneration rates
(Azam et al. 1983, Jacobsen & Azam 1984, Poulsen & lversen 2008) untreated seawater
was selected as the incubation medium. Incubations were conducted without sediment.
Regeneration from feces and pseudofeces was thereby described by the net result of
decomposition and incorporation by decomposers. Three treatments were prepared:
feces, pseudofeces, and untreated seawater as the control. Chambers were placed on a
table in a grid pattern, with treatments assigned to chambers at random.

The incubation chambers were pre-filled with untreated seawater pumped from the
Oosterschelde estuary. Biodeposits were added by transferring 30 ml from single stirred
feces or pseudofeces master stock suspensions by pipette, to give a total volume of 381
ml per chamber. To determine pre-incubation composition, five 30 ml aliquots of the
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feces and five of the pseudofeces stocks were filtered onto Whatman GF/F filters, with salt
expelled using an ammonium formiate solution. Filters were dried at 103°C for gravimetric
DW determination followed by combustion at 550°C for AFDW determination. Seawater
control chambers contained the total 381 ml of untreated seawater.

Chambers were gently aerated to ensure oxic conditions representing the well-oxygenated
waters of the Oosterschelde estuary (Rijkswaterstaat, www.waterbase.nl), using plastic
tubes fitted through the lids, in such a way that the water kept moving, but biodeposits
remained settled on the chamber floors. The chambers were kept in a climate-controlled
room at 20°C in continued darkness except for brief visits for sampling and checking.

5.2.4. Sampling of incubation chambers

Samples were analysed on days 1, 5,7, 13, 18, 22, and 28. Incubations were continued until
day 36 but most samples could not be processed due to mucous formation; this day was
not analysed. On each sampling day, three replicate chambers of each treatment were
selected at random and sacrificed. After uncoupling from aeration, chambers were gently
swirled. From control chambers, 15 ml samples were directly transferred to 20 ml HDPE
containers and stored at -18°C for total nitrogen (TN) and total phosphorus (TP) analysis
within three months. Samples from day 1 were lost. Chambers were left to stand for 10
min to allow most of the particulates to settle, before further sampling. Most of the water
from the chambers was filtered through a 90 mm diameter 0.8 um pore size cellulose
acetate membrane filter (Sartorius) using a vacuum pump. Filtered water was divided
into 20 ml HDPE containers and analysed within three months (Strickland & Parsons
1968, Avanzino & Kennedy 1993, Kotlash & Chessman 1998) for silicate (15 ml, stored at
4°C); total ammonia nitrogen (TAN), nitrate and nitrite, phosphate (all 15 ml, stored at
-18°C), and dissolved organic nitrogen (DON, 15 ml, acidified using H,SO,, stored at -18°C);
dissolved organic carbon (DOC, 15 ml, acidified using HCl, stored at -18°C); and dissolved
organic phosphorus (DOP, 15 ml, stored at -18°C). Remaining material in chambers was
subsequently mixed and acidified to pH < 3 using H,SO,, and subsequently transferred
onto the filter by flushing with demi water, and using a spoon to remove material from
chamber walls. Salt was expelled by flushing with 150 ml demi water. All particulate
material was transferred from the filter to pre-weighed porcelain crucibles, followed by
gravimetric DW determination (103°C) and AFDW determination (550°C). For nutrient
content analysis the material from biodeposit chambers was subsequently powdered
using a pestle, and samples were analysed within three months.

5.2.5. Nutrient analysis

Amounts and concentrations of Si, N or P containing compounds are quantified in terms
of their constituent element Si, N, or P. Silicate concentrations were determined by Seal
QuAAtro segmented flow analyser (Jodo et al. 1992, Aminot et al. 2009). Ammonia,
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phosphate, and NO, (determined as nitrate plus nitrite), were determined using a Skalar
San++ segmented flow analyser (Aminot et al. 2009). Dissolved inorganic nitrogen (DIN)
was calculated as the sum of ammonia and NO.. Total dissolved nitrogen (TDN) was
determined from filtered water samples as NO_following persulfate and subsequent
UV digestion (Kroon 1993, Eaton et al. 1999), and dissolved organic nitrogen (DON) was
determined by subtraction of DIN. Total nitrogen (TN) and total phosphorus (TP) were
determined as NO, and phosphate after 30 min oxidation at 120°C in stopped volumetric
flasks each containing 25 ml of unfiltered water sample and reagent (50 g L potassium
peroxodisulfate, 7.5 g L' sodium hydroxide), and filled up to 100 ml (Valderrama 1981).
Dissolved organic phosphorus (DOP) was determined using the same procedure applied
to filtered water samples, and by subtraction of phosphate. Dissolved organic carbon
(DOC) was determined from filtered water samples using a Skalar San++ segmented flow
analyser using photochemical conversion to CO, and infrared detection (e.g. Collins &
Williams 1977; according to NEN-EN 1484). Particulate organic N (PON) and P (POP) from
incubation chambers were determined using a Skalar San++ segmented flow analyser
after digestion using aH,S0O,/Se/salicylic acid/H,0, solution (Temminghoff & Houba 2004).
Biogenic Si (BSi) was determined after a 3 h extraction of 25 mg of feces in 25 mL of 0.5M
NaOH solution and subsequent analysis of extracted silicate concentration on a Skalar
San++ segmented flow analyser (adapted from DeMaster 1981, see Bardo et al. 2015).
Particulate organic C (POC) from incubation chambers was determined using a Thermo-
spectronic Aquamate spectrophotometer following oxidation at 135°C in a solution of
H,SO, and K,Cr,0, (Walinga et al. 1992). Cand N content of the material collected on filters
from the water supply were freeze-dried and ground to a fine powder for analysis on a
Interscience Flash 2000 organic element analyser (Nieuwenhuize et al. 1994). P content of
this material was analysed by Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES, ThermoFisher iCAP6500) after digestion with HNO, at 200°C using Ytterbium as
internal reference standard (Poussel et al. 1993).

5.3.6. Calculations & statistics

Throughout the text error values and error bars represent standard deviations unless
otherwise specified. The term nutrient “release” is used in this study to refer to the net
balance of underlying nutrient uptake and release processes, where the balance represents
accumulation of a nutrient.

PON and POP were determined as N and P content of particulate dry mass. Amounts of
ammonia, NO,, DON, phosphate, DOP, DOC, and silicate in chambers were normalised to
one gram of feces or pseudofeces. Concentrations were multiplied by the water volume
in the chamber, and divided by the dry particulate mass in the chamber, which was
calculated as particulate plus dissolved matter present on the sampling day minus mean
dissolved matter in chambers sampled on day 1. This accounts for the loss of water due to
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aeration, amounting to 2.3 ml d” on average. This method assumes that the total amount
of material (particulate plus dissolved) did not change throughout the experiment.
Linear regression analysis of the mass of total material over time confirmed that there
was no significant change in the total material throughout the experimental period. To
allow comparison, control concentrations (after multiplication by the water volume in the
chamber) were standardised by scaling fluxes using the average dry particulate mass used
to standardise the experimental chambers to 1 g biodeposit (0.5175 g).

Trends in nitrogen and phosphorus variables were calculated after subtraction of controls
and tested using linear regression through the origin for the first 18 days, marking the
cessation of accumulation of DIN, which was followed by decreasing concentrations
indicating a switch to predominant removal of nutrients. Accumulation of phosphate
ceased later, and accumulation of silicate did not cease at all, but all parameters were
analysed over the same period for comparability. A coinciding formation of increasing
quantities of slimy material observable on chamber walls after the period of accumulation
might be an artefact of the experimental setup or the use of incubation vessels; the
analyses do not include this period. Trends in silicate were tested using power regression
since chemical dissolution leading to increasing concentrations of silicate is expected
to lead to diminishing release rates (e.g. Struyf et al. 2007). Regressions were considered
significant when p<0.05. Power regressions for DIN and phosphate did not indicate
suppression of accumulation by approaching equilibrium. Hence, the linear regressions
were used for further calculations. Release rates were compared between biodeposit
types and between nutrient parameters per biodeposit type using analysis of covariance
with either biodeposit type or nutrient parameter as the categorical variable, with results
considered significant when p<0.05. Initial release rates were calculated by derivative
from regression equations, and expressed as daily release in per cent of the particulate
amount present on day 1. Stoichiometric ratios of N:P, N:Si and Si:P were calculated on
a molar basis. Ratios in released nutrients were based on the derivative from regression
equations on day 1.

5.3. Results

5.3.1. Initial conditions

On the four days leading up to and including the day of biodeposit production the water
supply feeding the mussels contained 9.6+1.4 mg L' SPM (DW), of which 37.5% was
organic matter. In the SPM, 0.66+0.10 mg C L", 0.06+0.01 mg N L, and 0.014+0.002 mg P
L' was present.
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Slightly more dry mass of pseudofeces was added to chambers than of feces at the start
of incubations (not intentional; Table 5.1). Pseudofeces contained more organic matter,
C and N than feces, and feces contained more Si than pseudofeces, whereas P content
was similar in both compartments. Control chambers contained 1.0+0.8 mg dry mass of
particulate material on day 1.

Table 5.1. Dry mass and organic content (day 0; n=5) and nutrient content (day 1; n=3; but for Si n=2)
of initial particulate material added per chamber. *: feces and pseudofeces significantly different.

particulate material added nutrient content (mg g' DW)
biodeposit type dry mass organic c* N* P Si*
(mg)* content* (%)
feces 485.6 £ 60.4 20.3% +2.2% 51.8+0.3 48+0.2 138+0.06 42015
pseudofeces 549.5 +43.1 25.9% + 0.1% 549+1.4 54+00 142+0.04 31.2%03

5.3.2. Dissolved nutrients

DIN and phosphate declined after day 22 and 18, respectively. During the first 18 days,
the average DIN release rates from feces and pseudofeces after subtraction of controls
were 0.035 and 0.037 mg g' DW d7, respectively (Table 5.2), which was not significantly
different. Expressed per unit initial N, 0.73 and 0.69% d' were regenerated from feces
and pseudofeces, respectively. During the same period, the phosphate release rate from
feces after subtraction of controls was significantly higher (0.007 mg g’ DW d7) than
from pseudofeces (0.006 mg g' DW d”). Expressed per unit initial P, 0.48 and 0.44% d
were regenerated from feces and pseudofeces, respectively (Table 5.2). The elemental
release rate of N was significantly greater than that of P, and the fraction of initial
feces and pseudofeces N released daily was approximately twice that of P. The first 18
days represented the release of 13.1% and 12.4% of initial N in feces and pseudofeces,
respectively, and 8.7% and 7.9%, respectively, of initial P.

In the first week, ammonia accumulated in feces chambers, while in pseudofeces
chambers there was a much lower accumulation which peaked on day 5 (Figure 5.2).
The accumulation in feces chambers was similar to that in the controls. At the same time,
NO_was released faster in pseudofeces chambers than in feces chambers at the start of
the study, and appeared to accelerate slightly after the first week (Figure 5.2). In feces
chambers NO, release started more slowly and accelerated more after the first week,
catching up with pseudofeces chambers after three weeks.

Silicate release followed power functions throughout the incubation period, with
release rates diminishing progressively (Figure 5.3; Table 5.2). There was a very small but
significant decrease of silicate in the controls. Release rates after subtraction of controls
were significantly greater from feces than from pseudofeces, with 1.21% d' regenerated
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on day 1 from feces and 0.84% d from pseudofeces. The first 18 days represented the
release of 11.0% (feces) and 6.8% (pseudofeces) of initial BSi.
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Figure 5.2. Detail of the constituent parts of DIN: quantities of ammonia (panel A) and NO_ (panel B)
during the incubation period (element mass standardised to dry mass of start material in chamber;
error bars indicate SD; n=3 for each treatment). Data points are connected by straight lines.

Table 5.2. Regression equations describing release of DIN, phosphate and silicate, standardised to
1 g dry masof start material, after correction for controls and fitted through the origin. Nutrient
release rates are calculated by derivative on day 1 and expressed as daily release in per cent of initial
amounts.

parameter feces pseudofeces
(mg element (% d) (mg element (% d)
g’ DW) g' DW)
DIN 0.035*day 0.73 0.037*day 0.69
phosphate 0.007*day 0.48 0.006*day 0.44

silicate 0.572*day°% 1.21 0.283*day®* 0.84
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Figure 5.3. Dissolved inorganic nutrient quantities throughout the incubation period (element
mass standardised to dry mass of start material in chamber; error bars indicate SD; n=3 for each
treatment). Panel A: DIN; B: phosphate; C: silicate. Lines (unbroken: feces; broken: pseudofeces;
grey: control) represent all significant regressions over the first 18 days (equations and R? shaded for
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Concentrations of DON and DOP were low compared to their dissolved inorganic forms,
and concentrations in controls were similar to feces and pseudofeces chambers. There
were significant trends of reduction of DOP and DOC in pseudofeces during the first 18
days, but there were no trends in DON, feces, or controls (Figure 5.4). After subtraction of
controls, a statistically significant reduction of DON was found, in feces, which was small
compared to the DIN accumulation (DON: 0.05% d™'; DIN: 0.73% d™). Similarly, a statistically
significant reduction of DOP was found, in pseudofeces, which was small compared to
the phosphate accumulation (DOP: -0.03% d'; phosphate: 0.44% d"). DOC could not be
calculated in this way as it was not measured separately in controls. After day 18 there was
a sudden increase in DOP in all treatments, which can also be observed in DOC to a lesser
extent.

5.3.3. Particulates and nutrient balance

Near the end of the incubation period increasing amounts of mucous material were
observed in biodeposit chambers, and filtration on the 90 mm @, 0.8 um pore size
membrane filters became increasingly difficult. However, there were no significant trends
in recovered dry mass of total particulate material over the incubation period.

There were no significant trends in PON for feces and pseudofeces, and for POP there
was only a trend in feces (Figure 5.5), of -0.67% d™ after subtraction of controls. The total
amounts of N and P per chamber over the incubation period were examined for trends
over the first 18 days. Dissolved inorganic, dissolved organic, and particulate organic
constituents were summed to estimate total amounts of N and P on each sampling day.
After subtraction of controls, the summed N in feces pseudofeces chambers showed a
significant increase over time of 0.61% d™, which was not significantly different from the
increase of DIN (Table 5.2; 0.73% d). There was no trend in the controls. The summed P
did not show any significant trends.

5.3.4. Nutrient stoichiometry
The difference between feces and pseudofeces in N:P ratio of regenerated nutrients was
limited, whereas feces released proportionally more Si than pseudofeces (Table 5.3).

Biodeposit decomposition influenced the stoichiometry of dissolved inorganic nutrients
in the surrounding water. The N:P ratio of dissolved inorganic regenerated nutrients
was lower than Redfield’s ratio, but was higher than that of the particulate material on
day 1, which in turn was more than double that of dissolved inorganic nutrients in the
Oosterschelde water. Availability of N was thus promoted relative to P. Additionally, a
considerable surplus of Si relative to N and P in the regenerated nutrients was evident,
since N:Si was lower, and Si:P was considerably higher, than both the Oosterschelde water
and Redfield’s ratio.
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Figure 5.4. Dissolved organic nutrient quantity throughout the incubation period (element
mass standardised to dry mass of start material in chamber; error bars indicate SD; n=3 for each
treatment). Panel A: DON; B: DOP; C: DOC. DOC was not measured in control chambers. Straight lines
represent significant linear regression trends for pseudofeces over the first 18 days (non-significant

trends omitted).
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Figure 5.5. Particulate organic N (panel A) and P (panel B) quantities (element mass standardised
to dry mass of start material in chamber; error bars indicate SD; n=3 for all treatments). Straight line
represents significant linear regression trend for feces P over the first 18 days (non-significant trends
omitted). Control data not available for day 1.

Table 5.3. Comparison of stoichiometric ratios of nutrients: in feces and pseudofeces chambers
on day 1 of incubations; regenerated from biodeposits on day 1; in the Oosterschelde estuary
ecosystem at the time of the experiment; and Redfield’s ratios.

N:P N:Si Si:P

feces/pseudofeces day 1 feces 7.6 0.22 34.8
pseudofeces 8.4 0.30 28.4

regenerated nutrients (dissolved inorganic) feces 11.4 0.14 834
pseudofeces 13.3 0.26 434

Oosterschelde average (dissolved inorganic) 32 0.70 4.8

Redfield ratio 16 1.07 15
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5.4. Discussion

5.4.1. Mineralisation rates

Processes

The rates as determined in this study represent the net balance of underlying processes.
During organic matter decomposition, nutrients are released to the environment in
various forms contributing to the dissolved inorganic or organic nutrients, while another
part is incorporated by bacteria (Horrigan et al. 1988, Canfield et al. 2005) or by other
constituents of the heterotrophic food web (Azam et al. 1983, Fabiano et al. 1994). During
the incubations, the period of linear accumulation of DIN and phosphate was followed
by decreasing concentrations after days 22 and 18, respectively, indicating a switch to
predominant removal of nutrients. This coincided with formation of increasing quantities
of slimy material, a mix of microorganisms and trapped organic matter, on chamber walls.
This might be an artefact of the experimental setup or the use of incubation vessels, and
therefore calculations and comparisons are only based on the period up to this point.

The balance of regeneration and incorporation depends on the proportional nutrient
composition of the substrate (Goldman et al. 1987, Tezuka 1990, Canfield et al. 2005). The
nutrient composition of the biodeposits in the present study (feces C:N 12.7; pseudofeces
C:N 11.9; feces N:P 7.6, pseudofeces N:P 8.4) suggests that the amount of regeneration
may be expected to be low and accompanied by high levels of incorporation. C:N content
was not much higher than reported for natural marine bacterial assemblages by Goldman
etal. (1987), who found little or no ammonia release during the exponential growth phase
at a low C:N value of 10. These authors reported that some ammonia release did occur
during the subsequent stationary phase when endogenous metabolism and cell death
became dominant processes. Tezuka (1990) described interactions between substrate C:N
and N:P ratios for freshwater bacterial communities, observing that both ammonium and
phosphate were regenerated when both N and P content were high enough (C:N < 10
and N:P < 16), but that neither was regenerated when N and P content were at low levels
(C:N = 15 and N:P = 5). Feces and pseudofeces in the present study lay between these
combinations. Several factors may modify these relationships in the context of the present
study. Firstly, the nutrient ratios of the complex substrates investigated in the present
study may not necessarily correspond to nutrient ratios of the portion of the substrate
actually undergoing decomposition (Tezuka 1989, 1990, Canfield et al. 2005). Secondly,
the involvement of other organisms present in the untreated seawater used in the current
study, for instance primary and secondary consumers of bacteria such as flagellates and
microzooplankton (Azam et al. 1983, Jacobsen & Azam 1984), or dinoflagellates(Poulsen et
al.2011), may influence regeneration rates and dynamics. Finally, in making the translation
to natural situations where sunlight is available to support primary production, the share
of nutrients captured by heterotrophic microbes may be reduced due to competition with
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primary producers (e.g. Fuhrman et al. 1988, Danovaro 1998), which would effectively
increase the efficiency of the nutrient feedback as more nutrients might be available for
primary producers than expected based on the outcomes of the current study.

Dissolved inorganic nutrients

DIN and phosphate accumulated until sampling days 22 and 18, respectively. A
comparison can be made in terms of the overall fraction of organic start material which is
regenerated into the dissolved inorganic phase in the first 18 days. Values were compared
to literature describing biodeposits produced by adult mussels; the use of mussel spat in
the present study should be kept in mind.The 12-13% of initial PON released as DIN during
this period was lower than results reported by Jansen et al. (2012b), who created stable
state conditions analogous to a bioreactor by adding fresh biodeposits daily, and found
that overall 17% of PON was released to the environment as ammonia. A similar value of
18% release of PON as ammonia was estimated by Giles & Pilditch (2006) for biodeposit
decomposition on sediment cores over 10 days. Another perspective is provided by
comparing rates of nutrient regeneration, which shows that daily release of DIN expressed
as per cent of initial PON (feces: 0.73% d'; pseudofeces: 0.69% d) was less than half of
values reported by Giles & Pilditch (1.8% per day; 2006).

Smaal & Prins (1993) estimated very high rates of 4.6% d' PON regeneration for feces,
and 1.6% d’ for pseudofeces. In further contrast, Fabiano et al. (1994) reported 87%
decomposition of organic matter from mussel fecal material within 3 d; part of this material
constituted inorganic nutrient regeneration. However, proportional nutrient regeneration
rates could not be compared as quantitative information regarding the start material was
not provided by these authors.

A comparison as described above for PON could not be carried out for POP, since we did
not find studies in literature combining reliable estimates for initial POP content of bivalve
biodeposits with release rates of phosphate. Similarly, no studies were found giving initial
BSi content. However, previous research can be compared in terms of stoichiometric
proportions of released nutrients. N:P ratios (feces 17, pseudofeces 15) were within the
range reported in literature, being higher than the range given by Jansen et al. (2-12;
2012b), but lower than reported for benthic biodeposit decomposition by Callier et al.
(27; 2009) and reported for sediment core biodeposit decomposition by Giles & Pilditch
(elevated by 27; 2006). Si:P ratios (feces 84, pseudofeces 45) were within the range
reported by Jansen et al. (2-143; 2012b), and higher than reported by Callier et al. (36;
2009). N:Si ratios (feces 0.2, pseudofeces 0.4) were within the range given by Jansen et al.
(0.0-1.3; 2012b), but this was lower than the value reported by Callier et al. (0.7; 2009). This
indicates that relatively more P and Si regeneration was observed in the present study
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than reported by Callier et al. (2009) (2009), and relatively more P than reported by Giles
& Pilditch (2006).

The studies by Jansen et al. (2012b) and Giles & Pilditch (2006) both reported that DIN
release was dominated by ammonia, whereas in the present study NO_was the dominant
form. Giles & Pilditch (2006) hypothesised that coupled nitrification-denitrification could
have removed ammonia, and this might account for part of an additional estimated 34%
PON regeneration that was not detected as ammonia. We do not expect meaningful levels
of denitrification and N, production in the present study since a well oxygenated system
was applied. However, nitrification was likely an important process, as accumulation
of TAN in feces and control treatments early on during incubations was followed by its
removal and concurrently rising NO, concentrations. This likely reflects the development
of a nitrifying microbial community reaching considerable nitrifying capacity only after
several days. Ammonia accumulated initially since the oxidation of this compound is
considered to be the rate-limiting step in nitrification (Kaplan 1983, Canfield et al. 2005). In
the pseudofeces treatment, a shorter period and lower levels of ammonia accumulation,
and more rapid NO_accumulation, point to a more rapid establishment of nitrifying
capacity, suggesting that the associated microbes were more present or more active in
pseudofeces than in feces and in (control) seawater.

Regeneration of BSi differs fundamentally from PON and POP because it relies on chemical
dissolution rather than biological processes (Paasche 1980). The diminishing rate of Si
accumulation over time, with accumulation following a power law, could be indicative
of the substrate becoming less degradable during chemical dissolution. However,
earlier experiments with dissolved Si release from litter of Phragmites australis (common
reed), indicated that rather than the substrate becoming less degradable, dissolution
is impacted by decreasing rates due to accumulation of dissolved material, and an
equilibrium concentration is reached (Struyf et al. 2007). In our experiment, dissolved
silicate concentrations at the end of the experiment on day 28 were 475.8+35.9 ymol L'
for feces and 325.1£17.5 pumol L' for pseudofeces, which is not as high as equilibrium
concentrations reached during the reed decomposition experiment (approximately
1500 pmol L), but the power function still indicates a reducing release rate during the
experiment. Solid (as total amount of incubated BSi)-solution rates in the beginning of our
experiment were about one order of magnitude lower than in the experiment described
in Struyf et al. (2007), and initial BSi content in the litter of reed (6% BSi) was higher
compared to feces (4,2% BSi) and pseudofeces (3.1% BSi). This could explain why saturation
was attained in the reed experiment after 30 days, but not yet in our experiment. Due to
the different initial conditions, a quantitative comparison of the release rates between
both experiments is difficult. At the end of the experiment, 22% of the incubated BSi had
been dissolved from the feces, and 17% had been dissolved from the pseudofeces. This
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indicates that not only did feces contain relatively more BSi compared to pseudofeces;
feces released a larger part of the BSi over the same time period, emphasising that the
initial BSi content alone cannot explain the faster release from the feces.

The relative importance of Si release relative to N and P was likely underestimated
for two reasons. Firstly, since silicate concentrations were higher than encountered
environmentally and thus suppression of BSi release was elevated. Concentrations of
silicate on day 1 (feces chambers: 1.06 mg L'; pseudofeces: 0.78 mg L) were already
elevated compared to maximum environmental concentrations during the main SMC
season in 2013 of June-August (0.25 mg L7). Secondly, since release rates were calculated
for day 1 rather than approaching the very start of the incubations in order to avoid
extrapolation outside of the measured range.

Nutrient balance

The low concentrations and stability or relatively small absolute changes of dissolved
organic matter concentrations throughout the incubation period suggest that either
limited production of dissolved organic matter occurred during incubations, or that
production was matched by loss due to processing rates. Since biodeposit production
took place over a 24 h period, loss of labile material may have occurred before the start
of incubations, with concentrations in chambers having stabilised before measurements
started. This may have led to an underestimation of overall nutrient regeneration. In
literature, rapid leakage of dissolved organic matter from feces has been argued to occur
in the first hours after production. Carlsson (2010) estimated that 2% POC h™' was lost from
mussel fecal pellets during the first 24 hours, a large part of which was not regenerated,
and speculated that this part of removal represented leakage of DOC. But it is also possible
that this part consisted of particles, microbes or other larger compounds (e.g. Jacobsen
& Azam 1984). Fabiano et al. (1994) reported that mussel fecal material decomposed into
dissolved inorganic nutrients with little change in dissolved organic matter concentrations.
Mgller (2003) reported DOC leakage rates from copepod fecal pellets exceeding 20% of
POC within the first hour after production, with the rate of leakage already rapidly levelling
off during this period. Using the estimate of Carlsson et al. (2010), under the assumption
that feces and pseudofeces lose POC at a similar rate, approximately 21% of POC could
have been lost during the production setup.

Along with the release of dissolved inorganic N and P, and considering that there was little
change in the dissolved organic phase, a reduction of PON and POP is expected. However,
a reduction was only detected for POP, and only for feces. The rate of decrease of 0.67%
d' was not significantly different from the negative of the rate of increase in phosphate
of 0.48% d™'. Slimy material formed on chamber walls throughout the experiment, but it
cannot be verified whether inconsistent completeness of recovery of this material could
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have contributed to variability and hindered detection of reduction of PON. The sum totals
of N and of P were expected to remain constant during incubations. In the case of P this
was verified, but the sum total of N increased for both feces and pseudofeces. We expect
the analytical methodology to be robust to structural and chemical changes occurring
in particulate material over the course of the incubations. However, concentrations
were relatively low, increasing the likelihood of not detecting changes. Further research
is needed to verify N dynamics in the different compartments and should focus on the
methodology.

5.4.2. Comparison of feces and pseudofeces

In contrast to the proposition that bacteria contained in feces may accelerate mineralisation
(Gowing & Silver 1983, Harris 1993, Fabiano et al. 1994), our results showed similar N
regeneration per unit mass from feces and pseudofeces, despite different dynamics of
ammonia and NO,, and a higher release rate of P regeneration from pseudofeces. It is
possible that bacterial colonisation after egestion, which can be very rapid (Stuart
et al. 1982, Jacobsen & Azam 1984), and which could potentially be more so due to
greater surface:volume ratios in biodeposits produced by juvenile mussels, may have
overshadowed any “head start” of the feces. Possibly, the bacterial community promoted
by the bivalve enteric environment (e.g. denitrifiers, Stief et al. 2009, Svenningsen et al.
2012) does not perform very effectively in an oxic environment after egestion. In fact,
it appears that pseudofeces experienced a “head start” with regard to nitrification, with
the formation of nitrifying capacity requiring a shorter lag phase than for feces. It should
be noted that nutrient regeneration rates from pseudofeces should be interpreted as
an approximation since part of the material was natural sedimented material that was
deposited in the production setup; this also resulted in slight organic enrichment of the
pseudofeces material (the sedimented material contributed 23% to pseudofeces DW but
28% to AFDW).

Sidissolution rates were higher for feces per unit initial biodeposit DW, and 1.4 times higher
per unit initial BSi. We here hypothesise that two processes cause the difference between
feces and pseudofeces. Firstly, we suggest that the organic matrix surrounding the BSi is
broken down more strongly in the feces, which is reflected in the higher dissolution rate. A
similar observation has been found in cattle, where grass BSi dissolved much quicker after
digestion, as digestion removed the organic matrix surrounding the BSi (Vandevenne et al.
2013). In cattle feces, a stronger digestion of organic matrices can be expected compared
to pseudofeces, which would explain the stronger dissolution. Bidle & Azam (1999) also
observed that bacterial activity can accelerate silica dissolution by breaking down the
organic matrix protecting diatom frustules. In the P. qustralis decomposition experiment
by Struyf et al. (2007), suppression of bacterial activity also slightly decreased Si release
rates. Secondly, Dame et al. (1991) speculated that dissolution rates of diatom frustules
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can be accelerated by fragmentation during digestion. If diatoms are more fragmented in
feces then pseudofeces, this could further explain the difference in dissolution rates. Given
the rising proportion of pseudofeces with increasing food concentration beyond a certain
level (Foster-Smith 1975, Tsuchiya 1980), the role of bivalve suspension feeders in terms
of Si regeneration could be relatively greater at lower food concentrations, assuming food
composition does not change. As an alternative hypothesis, mussels could also potentially
actively select for ingestion of least recalcitrant BSi, causing increased solubility of feces
BSi. Biogenic Si can differ in solubility due to several factors, including specific surface and
aluminum content (Van Cappellen et al. 2002).

5.4.3. Nutrient feedback and limitation

During the SMC growth seasons of 2012 and 2013, N and Si concentrations, but not P
concentrations, in the study area were at times below the half-saturation coefficient
for phytoplankton uptake (N and Si: 2 umol L; P: 0.2 pmol L") (Rijkswaterstaat, www.
waterbase.nl), suggesting that N and/or Si, and not P, availability was likely limiting primary
production at those times (Philippart et al. 2007, Kromkamp et al. 2013; for discussion on
limiting nutrients see also van Broekhoven et al. 2014). In the present study N and Si were
released during biodeposit decomposition, and this lead to N and Si enrichment relative
to P. Furthermore, Si was regenerated at a faster relative rate than N. In a context of N
and Si limitation, regeneration of nutrients through decomposition of mussel biodeposits
thus has the potential to stimulate primary productivity.

Wikfors (2011) argued that entrapment of diatom frustules in biodeposits might promote
a non-diatom algal community - potentially containing harmful species - through
preferential N and P recycling relative to Si. Our research, however, suggests that SMCs
actually contribute to reduction of Si limitation through preferential recycling of Si
compared to N and P, and thus has the potential to stimulate growth of diatoms. In the
Bay of Brest, recycling of BSi by the invasive suspension feeder Crepidula fornicata was
considered an important factor for the avoidance of harmful algal blooms in summer
(Ragueneau et al. 2002).

5.4. Conclusions

Substantial regeneration of N, P and Si from decomposing mussel biodeposits was
measured. There was no significant difference between feces and pseudofeces in terms
of overall DIN (feces: 0.73% d'; pseudofeces: 0.69% d') regeneration rates, but early DIN
dynamics were different in terms of more rapid depletion of ammonia due to nitrification
in pseudofeces. Regeneration rates of phosphate were 1.11 times higher from feces (0.48%
d™) than from pseudofeces (0.44% d™). Silicate regeneration rates were 1.43 times higher
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from feces (1.21% d™') than from pseudofeces (0.84% d™'). During the summer season when
SMCs are deployed, shortages of N and Si in the study system, the Oosterschelde, indicate
that nutrient regeneration from biodeposit decomposition constitutes an important
feedback pathway that needs to be quantified in order to assess aquaculture impacts. Our
results add to the growing evidence that, besides having the capacity to control N and
P circulation in ecosystems, producer-consumer interactions can also play an important
role in the regulation of the global Si cycle.
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Abstract

Suspension-feeding bivalves filter large quantities of particulate matter from the water
column, while at the same time returning inorganic nutrients to the environment.
However, in situ observations for these processes are scarce. In this study we aimed
to demonstrate both top-down (filtration) and bottom-up (nutrient regeneration)
effects on nutrient cycling in suspended mussel farms in the Oosterschelde bay in the
Netherlands. Measurements were carried out in situ at three Mussel Seed Collector
(SMC) farms and one suspended grow-out mussel farm in the macrotidal Oosterschelde
bay in the Netherlands. A range of parameters (TPM, Chl g, particle concentration, POC,
PON, DIN, DIP) was measured from water samples taken throughout the farms. This was
complemented by continuous measurements of TPM and Chl a with a towed glider,
that rendered a high-resolution spatial map. A reduction in seston concentrations (up
to 65%, POC) and an increase of overall nutrient concentrations (up to 208%, DIN) were
observed. Variability between farms and parameters was high, likely due to differences
in hydrodynamic circumstances and patchy water mass contents. This study is one of the
first to in situ simultaneously show top-down and bottom-up processes for suspended
bivalve aquaculture.
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6.1. Introduction

Suspension-feeding bivalves can play a key role in the ecosystem, involving both top-
down and bottom-up mechanisms (Dame et al. 1991, Dame & Prins 1998, Prins et al.
1998, Newell 2004, Hulot et al. 2020). Top-down regulation here refers to bivalve filtration
exerting control over phytoplankton populations. Suspension-feeding bivalves are
efficient filter feeders, able to clear significant water volumes of particles on a daily basis
(Cranford et al. 2011). Bottom-up regulation refers to nutrient regeneration by bivalves
fertilising their own food source (e.g. Smaal et al. 2001). The animals return nutrients to
the environment via two principal routes: excretion and biodeposition. In bivalves such as
the blue mussel Mytilus edulis, particle selection results in two forms of biodeposits: feces
(ingested) and pseudofeces (rejected prior to ingestion). Excreted nutrients are returned
to the water column directly in a short-term process (van Broekhoven et al. 2014), whereas
release of inorganic nutrients through remineralization of biodeposits takes place on
longer timescales (Jansen et al. 2012b, van Broekhoven et al. 2015).

At high bivalve culture densities, local food depletion due to intra-specific competition has
been observed inside mussel farms (Heasman et al. 1998, Fuentes et al. 2000, Strohmeier
et al. 2008, Maar et al. 2008, Petersen et al. 2008, Cranford et al. 2014, Kamermans et al.
2014a). Strohmeier et al. (2008) further reported reduced meat ratio and biomass of
mussels at the center of a suspended mussel farm, Kamermans et al. (2014a) reported
reduced mussel biomass at the center of a suspended mussel seed collector farm, and
Heasman et al. (1998) reported reduced growth rates inside mussel rafts, all indicating
that growth reduction was a result of reduced food availability within the farms. Bottom-
up effects inside suspended bivalve farms have been reported for two locations: Zuiiiga
(2013) reported elevated nutrient concentrations, particularly of ammonia, in a mussel
raft in the Ria de Vigo in Spain, and Trottet et al. (2008) reported increased primary
productivity of phytoplankton inside a mussel farm in Grande-Entrée Lagoon in Canada.
In general, the extent to which top-down and bottom-up regulation in suspended
bivalve culture influence the composition of seston and nutrients in the water column
is a function of the activity level of the animals, in combination with local environmental
conditions, and against background concentrations. The activity level of the culture
depends on the density and the individual metabolic activity of the animals. Furthermore,
local hydrodynamic conditions will determine the extent of dilution of the effects of
the bivalves’ metabolic activity. Water flushing rates are a result of environmental water
currents and drag resulting from the configuration, density, and rugosity characteristics
of the farm. However, at low water current velocities when the water layer close to the
mussels’'inhalant and exhalant syphons is not rapidly refreshed, refiltration becomes more
important and limits the degree of food depletion (Cranford et al. 2014, Cranford 2019).
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Since 2010, Seed Mussel Collectors (SMCs) consisting of nets and ropes have been
increasingly deployed in the Netherlands in the spring and summer period (van
Broekhoven et al., submitted). After settlement and growth on the collectors, the juvenile
mussels are harvested at a shell length of 5 to 20 mm and relayed on bottom culture plots.
Reduced mussel condition was reported in the centre of SMCs compared to the edge at
one out of five studied farms in the Netherlands. (Kamermans et al. 2014a). This points
to the possible occurrence of food competition between mussel seed on SMCs at the
scale of the farm. Metabolic rates in SMCs are particularly high since the weight-specific
activity level of suspension-feeding bivalve specimens decreases with increasing size of
the animal according to an allometric relation (Cranford et al. 2011, van Broekhoven et
al. 2014, Jacobs et al. 2015). Seed collector farms will thus have greater impact per unit
biomass than adult farms. In the Oosterschelde bay, Western Wadden Sea, and near-shore
North Sea (van Broekhoven et al., submitted) SMCs experience macrotidal conditions. As
a result, the level to which seston depletion or nutrient accumulation are able to build up
in the water column inside a farm could be counteracted by a short residence time and
dynamic water currents.

In this study, we combine two approaches to investigate farm-scale processes in mussel
(M. edulis) farms in situ, including a total three SMC farms and one suspended grow-out
mussel farm. The aim was to evaluate if reduction of seston and enhancement of nutrient
concentrations in the water column could be demonstrated in situ for suspended mussel
farmsin a highly dynamic bay. This information is useful to better understand the potential
for food limitation, and the build-up of nutrients with potential implications for primary
productivity, at the farm scale under natural conditions. Firstly, a range of seston and
nutrient parameters were measured via a discrete sampling setup. Secondly, continuous
high-resolution measurements of Chl a and total particulate matter (TPM) were taken
using an undulating towed glider.

6.2. Materials & Methods

6.2.1. Study sites

The macrotidal and productive Oosterschelde bay in the south-west of the Netherlands
is connected to the North Sea on the western side by a closable storm surge barrier, and
on the eastern side fresh water carrying nutrients enters in small volumes through water
locks (Figure 6.1). It is classified as a eutrophic system (cf. Nixon 2013). Nutrient and TPM
concentrations show a gradient with higher concentrations on the western side (Nienhuis
& Smaal 1994a). Water residence times increase from west to east (Jiang et al. 2019). Table
6.1 provides basic physical, environmental and biological data.
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Table 6.1. Physical, environmental and biological characteristics of the Oosterschelde bay.

Parameter Quantity Source
surface area at mean water level NAP (Amsterdam gauge) 304 km? 1
water volume at mean water level NAP 274*10" m? 1
mean depth 9Im 1
mean tidal range 3.25m 2
mean tidal volume 880%10° m? 2
maximum current velocity 1.0ms? 2
(mean) water residence time 0-150(40)d 1.3
SMC M. edulis harvest, 2012 3.2*10°kg 5
Wild and culture plots M. edulis biomass, 2012 44.7*10° kg 5
Other bivalve filter feeder biomass, 2012 66.6%10° kg 5
[DIN-N] range Jun-26 — Aug-21 2012 1.6 — 8.2 (umol L) 6
[phosphate-P] range Jun-26 — Aug-21 2012 0.6 - 1.1 (umol L) 6
[silicate-Si] range Jun-26 — Aug-21 2012 2.1-7.7 (umol L") 6

Sources: 1: (Smaal & Boeije 1991a); 2: Nienhuis and Smaal (1994a); 3: Jiang et al. (2019); 5: Jansen et al. (2019);
6: biweekly routine monitoring programme, www.waterbase.nl. DIN = Dissolved Inorganic Nitrogen (sum of
ammonia, nitrate, and nitrite).

Four farms were studied (Figure 6.1; Figure 6.2; Table 6.2). The farm at Slaak was located
at a sheltered site and was therefore expected to be most likely to be able to detect the
influence of seed collector mussels on water column composition in situ. The farm at
Krammer was more exposed, but its position at the end of the bay provided some shelter
from tidal currents and waves. The farms at Neeltje Jans and Vuilbaard were exposed to
tidal currents and longer wave fetch distances, and were included to test the possibility of
detecting the effects at exposed locations. The Neeltje Jans and Vuilbaard farms consisted
of mussel seed collectors only (Kamermans et al. 2002), the Slaak farm predominantly
consisted of mussel seed (80%) with some adult mussels (20%), and the Krammer farm
consisted of 1-year old (adult) mussels.. The discrete sampling campaign took place at the
Slaak, Neeltje Jans, and Vuilbaard farms, and the towed glider campaign at the Krammer,
Slaak, and Vuilbaard farms.
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Figure 6.1. Seed Mussel Collector (SMC) sites in the Oosterschelde bay included in this study; inset
shows location in the Netherlands. Land is shown in grey, and mean low water level as lines. Blocks
of seed collectors are represented by solid black shapes. Solid arrows: tidal exchange through storm
surge barrier (indicated by dotted lines); dashed arrows: fresh water inflow through water locks.

The farms were configured into distinct sections, hereafter “blocks” (see Figure 6.2 for
detailed maps per farm), consisting of parallel rows of ropes or net substrate. The farm at
Neeltje Jans near the mouth of the Oosterschelde bay consisted of two blocks spaced 80
m apart, south from a tidal flat. Samples were taken from the easternmost block (140 x
80 m). The large farm at Vuilbaard, in the mid-section of the Oosterschelde bay, consisted
of blocks of varying sizes. Samples were taken from the block on the northern corner
(190 x 190 m). The farm at Slaak in the northern branch of the Oosterschelde bay was
located in an elongated channel enclosed by land on both sides. The farm consisted of
eight sequential blocks of on average approximately 110 m length spaced on average
approximately 60 m apart. Samples were taken across the farm’s full length. Directly to
the east, a series of adult mussel farm blocks in a similar layout extended further into the
channel. The farm at Krammer consisted of four 400-500 m wide blocks of approximately
260 m length along the tidal current direction, spaced 115 m, 55 m, and 55 m apart. No
samples were taken there.
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Figure 6.2. Detail of mussel farm blocks and coverage of the discrete sampling and towed glider
campaign measurements.
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Table 6.2. Characteristics of the three Seed Mussel Collector farms (SMCs). Data from Krammer farm
was not available.

Neeltje Jans Vuilbaard Slaak
water depth (m) 8-10 5-7 6to8
total seed collector area at site(ha)” 4.2 253 57
sampled block(s) area (ha) 1.2 3.7 57
density at harvest (kg ha™)" 40,200 58,600 51,100
number of substrate rows 5 10 3-8
substrate type ropes ropes nets
substrate max depth (m) 6 4 3
mussel shell length (mm) 10.7+0.8 (n=154) 13.4+1.4 (n=151) 12.6+0.5 (n=179)*

“van Stralen (2013). Densities represent time of harvest, several weeks after sampling campaign
#adult mussels not sampled

6.2.2. Discrete measurements campaign

Sample collection

Farm-scale top-down and bottom-up impacts on water column composition were
investigated at the Slaak, Neeltje Jans, and Vuilbaard farms. These farms were sampled
at successive days in the period 13-15 August 2012. Water temperature was ~20°C at all
three sites. Current velocity and direction were determined at 1 m vertical resolution and
at 10 sintervals using a pair of Aquadopp (Nortek) acoustic current profilers, positioned on
the seafloor up-current and down-current of the farms (only up-current at Neeltje Jans).
Values were integrated over the depth interval occupied by the seed collector substrate
(top 6 m at Neeltje Jans; top 4 m at Vuilbaard; top 3 m at Slaak).

Water samples were collected along farm transects; in the case of Slaak the transect
covered 8 SMC blocks spanning a distance of almost 1400 m, compared to transects of
approximately 200 m at Neeltje Jans and at Vuilbaard. Samples were taken inside and
outside of the farms; the spatial configuration of sampling stations is given in Figure 6.2.
The Slaak farm was sampled during flood tide, Vuilbaard and Neeltje Jans were sampled
during ebb tide. All stations were sampled for particulate material, dissolved nutrients,
particles, and fluorescence. Fluorescence was not measured at Vuilbaard. Chlorophyll a
(Chl a) concentration was determined for selected stations (Figure 6.2). Water sampling
was completed for all stations within a timeframe of 20-30 min, in the same direction
as the water flow. A manual diaphragm pump was used to collect water, fed by a tube
submerged to a depth of 2 m. Samples were transported in 10 L jerry cans to a ship-borne
laboratory (transfer times < 10 min) where samples were processed, stored, or analysed.
Fluorescence was measured at Slaak and Neeltje Jans in situ within 40 min after initial
samples were taken. Fluorescence was measured using a fluorescence probe (Cyclops-3,
Turner Designs) at 2 m depth for 15 repetitive measurements at 2 s intervals (data present
mean), and is reported in relative fluorescence units.
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Laboratory analysis

Water samples (10 L) were divided into subsamples. TPM concentrations, reported as
dry weight (DW), were determined in duplicate gravimetrically, after filtration of 1500
ml sample onto pre-weighed GF/F (Whatman) filters and drying at 50°C for at least 12
h. To characterise TPM quality, POC and PON concentrations were quantified from the
duplicate filters using a NC2500 element analyser (ThermoQuest, Rodano, Italy). Particle
concentrations were measured in triplicate using a portable particle analyser (Pamas
S4031 GO using a HCB-LD-15/25 sensor; detection range 1-100 pum). For pragmatic
reasons, particles > 4 um were included in the analysis to exclude the smallest sizes that
are often not efficiently retained by mussels (Cranford et al. 2011). The concentration
of Chl a was determined spectrophotometrically after extraction from GF/F (Whatman)
filters containing the filtrate from 1500 ml seawater, using 10 ml 90% acetone and 20 s
glass bead-beating homogenisation, according to Jeffrey and Humphrey (1975).

Samples for dissolved nutrient concentrations were preserved, after filtration in the
field using GF/F filters (Whatman), by storage at -20°C until analysis. All samples were
analysed within three months. Before analysis an additional filtration was performed
at the laboratory using 0.45 pm pore size cellulose ester membrane filters (Millex-HA
SLHA02510, Millipore). Colorimetric analysis of ammonia, nitrate, nitrite, and phosphate
concentrations was performed using a QuAAtro autoanalyser (SEAL Analytical, United
Kingdom). Urea concentration was analysed colorimetrically using an autoanalyser
(Skalar, the Netherlands).

Data analysis

Besides actual concentrations along the transects, data are also presented in the form of
trends. Trends were determined in a stepwise approach (Table 6.3) for all parameters. The
first step that reached a conclusion was reported. The order of the steps was:

1) Linear regression with distance through the farm. This step was only performed for
the SMC farm at Slaak. At this elongated farm (Figure 6.2), five stations were sampled
inside the farm, allowing trend analysis by linear regression (a=0.05). Distance was
calculated by summing the total distance occupied by seed collector blocks. Unused
spaces in between were excluded since trends were hypothesised to result from seed
collector activity.

2) Consistency of increase or decrease (same direction of change for each subsequent
station pair).

3) The direction of change from the station at the up-current edge of the farm to the
mid station, as the down-current section of the seed collectors was considered to be
more affected by water intrusion.
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Trends were expressed as percentage change over the full length of the sampled farm
section, relative to the measured (or where not measured: extrapolated) value at the up-
current edge of the sampled farm block. Stations outside the farms up and downstream
were not included in the trend analysis.

For Chl a concentration, a reduced number of stations was sampled in each of the seed
collectors (Figure 6.2, closed symbols), hence only the change between two stations could
be reported. At Vuilbaard, no the trend for Chl a concentration could be defined because
of the lack of information from the up-current station.

Table 6.3. Overview of the three trend analysis steps for the discrete sampling campaign

symbol . nr of
order trend (Table 6.4) locations Parameters stations

1 statistically significant linear —/+++ SL all except Chla 5
regression trend

2 consistent down/up over all farm -=/++ SL, NJ, VB all except Chla 3
stations

3 down/up up-current to mid farm -/+ SL,NJ,VvB all 2
stations”

*at Slaak Chl a concentration was obtained at a reduced number of stations (Figure 6.2)

6.2.3. Towed glider campaign

Farm-scale food reduction by mussels was investigated on 17 and 18 August of 2010 inside
the farms at Slaak, Vuilbaard, and Krammer (Figure 6.1, Figure 6.2). Water temperature was
19-20°C at all three sites. 3D spatial surveys of TPM and Chl a were conducted using in situ
electronic sensors mounted on an undulating tow vehicle (Acrobat LTV-50, Sea Sciences
Inc., Arlington, Mass., USA). The sensor payload consisted of a CTD (AML Oceanographic
MicroCTD, Sidney, Canada), a Chl a fluorometer (Seapoint Sensors, Inc., Kingston, NH,
USA) and a transmissometer with a 25 cm optical path length (c-Rover CRV5, WET Labs,
Philomath, OR, USA). The towed vehicle was programmed to continuously undulate
between set depths (see below) at each farm. Measurements were made at a sampling
frequency of 1 Hz. Tow speed was maintained at approximately 2 m sec and the sensor
data stream was combined in real time with simultaneous GPS and water depth readings
(Garmin Model GPSMAP 530s) using Windmill 7 data acquisition and visualization software
(Windmill Software Ltd., Manchester, UK). Towed vehicle surveys were conducted on 17
August, 2010 at Krammer (0.5-10 m undulation depth range) and Slaak (0.5-2 m) and on
18 August at Vuilbaard (0.5-3 m). Tow paths are shown in Figure 6.5. Data were collected
inside the farm (tows between mussel lines) and in reference areas surrounding each
farm. All tow surveys were completed within a one to two hour period, at ebb tide.
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In situ calibrations of the towed vehicle fluorometer and transmissometer were conducted
using seawater sampled at vehicle operating depth. Water samples were filtered in the
laboratory the same day. Filters used were pre-washed Advantec GC-50 glass fibre filters
(0.5 um porosity; n=1 for Chl a and n=3 for TPM analysis). The concentration of Chl a was
determined spectrophotometrically after extraction using 10 ml 90% acetone and 20 s
glass bead-beating homogenisation, according to Jeffrey and Humphrey (1975), and was
correlated to fluorescence voltage (mV) using:

Chla=11.632 x mV + 0.086 (n = 27; R? = 0.60)

TPM filters were rinsed under vacuum with isotonic ammonium formate to remove salt,
dried at 60°C and weighed to the nearest 0.01 mg. A narrow TPM concentration range
was observed so a laboratory calibration was conducted using a standard series prepared
from a stock silt/clay mixture that provided the following calibration equation for the
c-Rover transmissometer:

TPM = —11.863 * In(counts) + 17.883 (n = 101; R? = 0.84)

Vertical profile plots and contour maps of water density (Sigma-t; o) Chl g, and TPM
concentrations were used to summarize and observe spatial patterns in each parameter
measured during each towed vehicle survey. The depth range exhibiting low vertical
variation in the measured parameter was selected for contour mapping using the Ordinary
Kriging interpolation method in Surfer 9 (Golden Software, Inc., USA), thus a depth of
2-7 m (Krammer, n=3806 measurements), 1.5-3 m (Vuilbaard, n=1839), or 1-2 m (Slaak,
n=2615). The average percentage food reduction within the farm volume (defined by the
corner navigation buoys and the sampling depth range) was calculated as:

R—F)
* 100

% depletion = (
where Fand Rare average Chla or TPM concentrations within the farm and reference areas,
respectively. The reference area included all data collected outside the farm boundaries.

6.3. Results

6.3.1. Discrete measurements campaign

Water current headings measured at the up- and down-current sides of the sampled
farm blocks were in line with the prevailing tidal current at the time of sampling, except
for a perpendicular heading at the down-current side of the Slaak farm (Figure 6.3). TPM
concentrations showed a decrease with water passage through the farms at all farms
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(Fig. 3). Particle and Chl a concentrations also generally trended downward with water
passage through the farms. The fluorescence measurements corresponded with the Chl
a measurements, but at the Slaak farm the trend assessment of fluorescence resulted in
a minor increase, of 7%. Similarly, POC and PON at Slaak also apparently increased, by a
relatively small margin of 6-13%. In both cases, the first (POC and PON) or the first two
(fluorescence) stations appeared to be out of line with the remaining four farm stations
(Figure 6.4). For POC and PON, the remaining four sampling stations showed a sustained
and consistent decrease which tested as statistically significant (difference scaled to SMC
length: POC, -39.1% or -0.50 mg L'; PON, -44.3% or -0.11 mg L"). However, since TPM and
particles showed no corresponding patterns, it was not considered justified to deviate
from the standard analysis procedure (paragraph 0) in Table 6.4.

All measured nutrient concentrations increased substantially through the Slaak and
Neeltje Jans farms, with only two exceptions: NH,-N at Slaak (-4%) and PO,-P (no change)
(Table 6.4). Five out of eight dissolved nutrient parameters at Slaak showed a statistically
significant increase with distance through the farm. At Vuilbaard, relatively little difference
was detected with differences ranging from -4-6%. The greater increase in DIN at Neeltje
Jans than at Slaak (208% and 76%, respectively) was largely driven by the aforementioned
difference in NH,-N. Approximately equal amounts of dissolved inorganic nitrogen and
urea accumulation were observed at Slaak. At Neeltje Jans, urea contributed an order of
magnitude less than dissolved inorganic nitrogen. For NO , the maximum relative nutrient
accumulations, observed at Slaak, represented a more than five-fold increase. In absolute
quantities, all changes in dissolved nutrient concentrations except PO,-P were larger at
Neeltje Jans than at Slaak.

Neeltje Jans Slaak Vuilbaard
100 m

Figure 6.3. Mean current velocity (m s) and direction determined by current profiler during the
discrete measurements campaign, averaged over the depth range occupied by SMC substrate at each
location, shown by rose charts for each profiler station. Arrows indicate overall tidal direction of travel
as observed visually at the surface during the measurements. See also the legend to Figure 6.2.



137

In situ evidence

(€79 3|qe] {0 ydesbesed) paniasqo puaiy jo 2dA} ay3 03 BuipioddL UMOYS 1. SAUIT "B 0} 13| SBM UOIIIDIP JUSAIND [epl] *(S]oquIAS Paso|d) suoliels
9DUIJ3J2J 3B pue (SUOIIDS papeys A216 Aq paruasaldal sy20|q DINS ‘sjoquiks uado) SHINS apIsul s3asuel} Buoje paaiasqo sialweled ule|y 9 ainbig

320]q JIAIS 3544 0 Julod Jiels Jualand-dn 03 anne|al (w) asuelsiq

00¢ 00z oot 0 00T 00€ 00z oot 0 00T 00€ 00z oot o 0ot 00¢ 00z oot 0 00T 00€ 00z 0ot 0 00T
880 0 0 0 800 00 06T
-
4 T AN ) —_
. v v 44 ser &
260 4 v . 0600 c
o 9 v'0 ooz O
- ° ¢ . I
960 ° v 8 S £600 ° o — ° m
Ny v v M ° 90 sz g
ot v v
° °
00T 9 43 s 9600 80 o1z
00€ ooz oot 0 oot 00e ooz oot 0 oot 00 ooz oot o 00T 00 ooz 001 0 oot 00€ oot oot 0 00T
00 0 0 0 o 000 o0 ost
‘ T =2
7o [4 00z »
K 70 ser @
o i3 00 m
80 v ° v oot -
=
4 € . 0 06T @
41 9 009 )
’ ° -
'I/ 800 ° v Q
. 90
91 b4 8 008 ° M w
- . " °
0T ot 000t oo 80
00ST 00sT 00€ oot o0sT oott ooz 3 001- L 00E 001-
00 0 0 00 00
v'0 000T
ot To s0
\ »
0 1° o
80 000 v
oe o A m R —y Q
.
o o 0 0 — 9 o =
41 000€ :
o
° °
91 3 000t €0 ST

(sixe 3y8u ‘.7 woze-jowr) 4-"0d
(sixe yaj ‘.7 wole-jowrl) N-NIQ

(sixe 3ysu .7 8n) 0 1yd
(sixe Ya|) dduadsaionyy

(-Jw syunod

000°0T) wrl ¢ < sa]pued

(sixe 3y .7 8w) NOd
(sixe ya| 41 8w) D0Od

(7 8w) INdL



138 | Chapter6

L'l 'L 0'L %9- %0 %CS 90'0- 000 0s'0 - 0 €6'0  +++ d'od

S8 q'e 0'C %6~ %CLL %0¥ ¥9'0-  06'€ 780 - + 6’0  +++ N-ea.ngNId

8'C 6'l gL %G~ %LT %6¢ LL'o- 050 €70 - + ++ N-eain

. , . . ’ P _ , i sjuaunu

'S 9L 90 %CL- %80¢C %9L €5°0-  6€'E €70 + 60ttt 7 woje N-NIQ u_:mw._o:.
i 90 1’0 %S-  %BEL  %6SE  800- 680 €40 - + 160 +++  lowrd N-ON paajossip
€'l 0] L'o %L~ %/91 %¥SS 80'0- S/'0 6€'0 - + 16’0 +++ N-‘ON

¥'0 70 L'o 0 %0L %0¢C1L 0 €10 90’0 0 + ++ N-"ON

o'y 0'L ¥'0 %G1~ %€EST %t~ S'o- 16T z0'0- - + - N-"HN
vT'6 €89 60'vC %S~ %V E- %0t~ €8'y-  Ce'T- 69'01- - - - 161 DY

pu 008 04S¢ pu %EE- %L pu L9¢- A" pu - + - aduIdsatony

LS 96§ 91 %S 1- %LE- %9¢€- S- v/l- 19- - - 780 - -l 000L sapnJed

S0 S0 8'0 %L~ %/LS- %L €0'0- 620~ Lo - - + % NOd

6'C €'s 9 %01- %09- %¢€L 97'0-  S6'L- £9'0 - - + % J0d

. . _ . . . ) , ) ) . b [erisrew
600 oLo L1°0 %L~ %€9- %9 L0°0 900 L0°0 -1 NOd papuadsns
LS'0 S9'0 96'0 %01- %S59- %L S0'0-  T¥'o- £0'0 - - + 16w J0d
'6l 6'61 L'ie %L~ %9- %01- ol'o-  ¥Z'L- 0z't- - - 6L'0 - 16w Wdl
an N 1S an N 1S an N 1S PaYs Payd M PaYys jun 19jowesed  Kio6a3ed
(wuey Ul uoKIE)S 3SIY) (y36u3] waey 03 pajeds) (y3bua] wuey 03 pajess)  9A N s
anjeA jiejs abueyd o, abueyd

pua.4} panlasqo

‘pleeqINA:gA‘suerafijoaN N Hee|s 1S "€'9 3|qel ‘0 ydesbeied 03 buipiodde papiodal spuaiy Yum ‘sypasuel) DAS buoje suoiieasasqo jo Alewwns *p*9 ajqel



In situ evidence | 139

6.3.2. Towed glider campaign

At Slaak and Krammer, depletion of both seston parameters was observed along the SMC,
whereas at Vuilbaard no clear patterns were evident (Fig. 5). Below, observations from
each farm are presented in turn. At Slaak, the spatial distribution of TPM concentrations
indicated reduction of seston along the farm. This was also detected in an inside versus
outside comparison without regard for current direction: TPM levels in farm and reference
areas averaged 4.78 mg L' (SD = 0.38; n= 844) and 5.18 mg L' (SD = 0.38; n= 906),
respectively, indicating an average TPM reduction of 7.6%. However, there was no clear
reduction in Chl a concentrations in the farm compared to the reference areas. TPM and
Chl a both decreased from east to west (along current direction) within the SMC, but also
in the reference area outside the farm boundaries, in particular on the southern side.

At Krammer, Chl a concentrations in the farm decreased along the current direction,
but also did so in part of the reference area near to the farm. In contrast, a maximum
TPM reduction of approximately 50% was observed over the full width of the farm in its
centre, but approaching the down-current sides, levels returned to those observed in the
surrounding water. Chl a and TPM were thus both reduced in or near to the farm, but did
not appear to be coupled. On average, TPM was lower within the farm boundaries (3.65
mg L"; SD = 0.54; n = 2376) than in the reference area (4.49 mg L"; SD = 0.76; n = 4831),
giving an average level of seston reduction of 18%.

At Vuilbaard, Chl a concentrations in the reference area were lower than in the reference
areas of Krammer and Slaak, while TPM was relatively high. TPM concentrations at
Vuilbaard were patchy, averaging 6.51 mg L (SD = 0.42; n = 1549) in the reference area
and 6.47 mg L (SD = 0.54; n = 1316) inside the farm boundaries. No reduction of TPM or
Chl a was observed.
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Figure 6.5. Contour plots of Chl a concentration (left) and total particulate matter (TPM; right)
at study sites Slaak, Vuilbaard, and Krammer, during the towed vehicle campaign in August 2010
(Krammer and Slaak plots reproduced from Cranford (2019); Vuilbaard plot reprocessed from
Kamermans et al. (2010)). Tow tracks (sampling locations) are shown as red dots in the left panels.
Yellow polygons show the boundaries of the farms; the remainder of the plotted surfaces represent
the reference areas. Arrows in the left panels indicate tidal current direction during sampling.
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6.4. Discussion

In situ evidence for reduction of seston and enhanced nutrient concentrations is presented
in this study for mussel farms located in a highly dynamic bay in the Netherlands. There was
variability between farms and parameters, leading to a few cases where reversed trends
were observed. This reflected potential hydrodynamic effects such as water intrusion due
to body drag of the farms, and patchy water mass contents as indicated by the towed
glider measurements.

6.4.1. Top-down regulation: Seston

Reduction of seston concentrations was observed in most, but not conclusively in all,
cases under study in both the discrete and towed glider campaign. Maximum reductions
of seston observed in the present study were between 40% and 65%. Nielsen et al.
(2016) reported maximum reduction in some sites within of a mussel farm of >50%. In
mussel rafts, maximum reductions of phytoplankton were reported of 55% (Petersen
et al. 2008) and of 72% (Cranford et al. 2014), with reductions of zooplankton reaching
77% (Maar et al. 2008). The greatest proportional reductions of seston concentrations
in mussel farms of > 90% were reported by Strohmeier et al. (2008) and Heasman et al.
(1998), who also noted reduced mussel growth or condition in the centre of the farms.
Culture densities were respectively > 4 times and > 82 times higher in these latter studies
compared to the present study. The proportional depletion of seston depends on mussel
density and activity, but also on background concentrations, current speed and mixing
(next paragraph), and refiltration. Background seston concentrations were higher in the
present study, with for example Chl a at 6 ug-25 ug L' compared to 0.7-2.4 ug L reported
by Strohmeier et al. (2008), and approximately 3-5 pg L' by Heasman et al. (1998). A
correspondingly greater level of filtration activity would be needed to achieve the same
proportional depletion. In general, refiltration of water within a mussel farm is considered
to be an important mechanism constraining reduction of seston concentrations (Cranford
2019). In the Norwegian case (Strohmeier et al. 2008), the extreme depletion values may
be linked to the mussels’ continued feeding at high rates despite depletion of particles, as
a possible adaptation to oligotrophic conditions (Strohmeier et al. 2009). On a unit weight
basis, the mussel population on SMCs is likely to be metabolically more active than adult
mussels since it is entirely made up of seed, and smaller specimens exhibit higher weight-
specific activity than larger ones (Smaal & Vonck 1997, Cranford et al. 2011). An indication
of the magnitude of this difference can be obtained via the allometric relation based on
a meta-analysis reported by the latter authors: clearance rate (L g h™") = 2,5¥X%%®, where
X is the individual tissue dry weight (g). Per unit weight, mussels of 12 mm shell length,
representative of the SMC mussels sampled in the present study, clear almost 8 times
more water (19,4 L g h”' compared to 2,5 L g h') than adult mussels of 1 g tissue dry
weight or 60 mm shell length. The macrotidal conditions in the Oosterschelde bay may
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offer an explanation for why this high activity did not translate to especially high levels of
seston depletion compared to other studies. Mean current velocities were 9-17 cm s'in
the present study, compared to 3 - 6 cm s in a Norwegian fjord reported by Strohmeier
etal. (2008), and 1-8 cm s' in a South African bay reported by Heasman et al. (1998). With
current velocities reaching 100 cm s in the Oosterschelde bay (Nienhuis & Smaal 1994a),
the extent of competition for food within mussel farms may be comparatively limited.
For SMCs in the Netherlands, indeed there appears to be room for further upscaling of
production per unit area within the lease plots (van Broekhoven et al. 2024). The most
significant competition for food in Dutch SMCs is likely to occur during the last weeks
before harvest, given the rapid growth of mussel biomass during this period. At the
Oosterschelde bay SMCs described by van Broekhoven et al. (submitted), harvest took
place just over one week after the discrete measurements of the current study in the same
year, and during this period the mussel biomass more than doubled.

Selective removal of phytoplankton (cf. Cranford et al. 2014), or POC and PON, versus TPM
was not consistenly evident. It is possible that such effects (Ward & Shumway 2004, Newell
2004) were masked by hydrodynamic effects with water passage through the farms,
resulting in variability in the measurements. Several observations indicated that the
water mass travelling through the farm was not homogeneous. This might also explain
the apparently out of line measurements at the first (POC and PON), and first and second
(fluorescence) stations at Slaak. Firstly, the contour plots of the glider campaign showed
a patchy distribution of both Chl a and TPM. Secondly, the down-current profiler station
at Slaak showed water flow perpendicular to the visually confirmed general tidal current
direction of travel. This may be related to the depth topography, to the presence of a
channel and lock to the north, or to outflow turbulence (cf. Petersen et al. 2008). Third, the
towed glider measurements at Krammer showed a clear reduction of TPM in the center
of the SMC, but concentrations returned to values observed in the reference area towards
the down-current corners of the farm. This pattern suggests a possible local source of
additional TPM, for instance turbulent resuspension from the seafloor in this shallow
embayment. Alternatively, the observed reduction of TPM concentration in the centre of
the farm may to some extent be caused by sedimentation resulting from reduced flow
velocity due to the presence of the farm structures and the suspended mussel community.
Intrusion of water carrying higher TPM concentrations from the sides appears less likely
as an explanation because the same pattern was not observed for Chl a. However, tidal
current disturbance might help explain the observations on various seston components at
Neeltje Jans and Vuilbaard where the station at the down-current edge of the SMC showed
a higher value than the mid station, while the mid station showed the expected reduced
value compared to the up-current edge station. Tidal current disturbance such as lateral
flows which interfere with the downstream propagation of a signal can occur as a result
of reduced current velocities resulting from farm drag (O’'Donncha et al. 2013). Reduced
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current velocities have been documented inside farms (Cranford 2019, Zhong et al. 2022),
inside assemblages of multiple culture structures (Grant & Bacher 2001, Strohmeier et
al. 2005), and inside mussel rafts (Blanco et al. 1996, Petersen et al. 2008, Cranford et al.
2014). In any case, these observations imply that discrete samples taken from the passing
water mass over the down-current part of the farms might not necessarily be reflective
of the action of the mussels on seston and dissolved nutrients contained within it due to
patchiness and other hydrodynamic effects (Nielsen et al. 2016).

6.4.2. Bottom-up regulation: Dissolved nutrients

In line with expectations, nutrient concentrations increased along the length of the farms,
and was particularly evident at the most sheltered Slaak location. However, at Vuilbaard
an opposite pattern was observed showing a decrease of nutrient concentrations along
the length of the farm block. We could not ascertain from our data what caused this
reversed pattern. There may be a relation with patchiness of the water mass contents or
other hydrodynamic effects, as discussed in the previous section, particularly considering
the multitude of other farm blocks up-current and in close proximity at this farm. Elevated
nutrient concentrations within a mussel farm as observed at Slaak and Neeltje Jans were
expected to result from nutrient regeneration by mussels on farm ropes (Richard et al.
2006, van Broekhoven et al. 2014). Zdiiga et al. (2013) also observed elevated nutrient
concentrations inside a mussel farm, and Trottet et al. (2008) observed increased primary
productivity inside a mussel farm, which the authors inferred was likely due to nutrient
subsidy from the activity of the mussels. In the present study, relative increases of
dissolved nutrient concentrations in the water column were large at Slaak. Note that the
percentage changes are influenced by farm length (the Slaak farm being the longest) and
ambient nutrient concentrations (substantially higher at Vuilbaard). Urea, a metabolic
waste product excreted by animals including mussels, is not commonly included in
studies into the role of shellfish in nutrient cycling (see chapter 3), but followed the same
pattern as the other nutrients that were measured. Urea has been found to have relevance
to phytoplankton production (Moschonas et al. 2017), and is even added to Manila clam
(Ruditapes philippinarum) production ponds to promote phytoplankton growth (Mao et
al. 2019). Our in situ observations suggest that adding urea to the selection of nutrients
measured might improve our insight into the role of shellfish in nutrient cycling in relation
with primary production. The large relative NO, accumulations, observed at Slaak, contrast
with the general view that NO -dynamics related to mussel farms often play a minor role
(Richard et al. 2006, Jansen 2012), and with previous observations in the Oosterschelde
bay where seed collector ropes were also found to excrete little NO, (van Broekhoven et al.
2014). However, in those studies, which involved incubations of culture rope sections, the
suspended farms were decoupled from the decomposition of biodeposits, which prior
to experimental incubation would have largely been transported away from the in situ
culture ropes. Decomposition of biodeposits can be accompanied by NO_production (van



144 | Chapter6

Broekhoven et al. 2015). A possible source of NO_ in our study is decomposition of organic
material such as biodeposits (van Broekhoven et al. 2015) or dead mussels on the seafloor
below the farms (Newell 2004).

The reduction of ammonia observed at the Slaak and Vuilbaard farms contrasts with
expectations, considering that ammonia is the predominant form of DIN release
by seed mussel ropes (van Broekhoven et al. 2014), mussel culture rafts (Zuniga et
al. 2013), individual mussel beds (Prins & Smaal 1990, Asmus et al. 1990), and other
bivalve aggregations such as oyster beds (Boucher & Boucher-Rodoni 1988). As noted
in the previous paragraph, the effect at Vuilbaard may be related to patchy water mass
contents or other hydrodynamic effects, but this did not appear to be the case at Slaak.
Phytoplankton absorb ammonia, especially when cells are nitrogen-starved, and prefer
ammonia over nitrate (Dortch 1990, Middelburg & Nieuwenhuize 2000). Phytoplankton at
Slaak were likely nitrogen limited at the time of the measurements, as DIN concentrations
were below the half-saturation constant of 2 umol L' used for phytoplankton in Dutch
coastal waters (Philippart et al. 2007). Furthermore, sediments can act as an ammonia
sink (Boucher & Boucher-Rodoni 1988). Both processes can affect measurements of free
ammonia and mask ammonia release by mussels, and are potential explanations for the
lack of ammonia accumulation observed at Slaak.

6.5. Conclusions

The combined approach of discrete sampling and a towed glider proved valuable, because
it allowed to combine measurement of a wide range of parameters at low resolution with
a limited number of parameters at high resolution. We observed farm impacts on water
column composition, simultaneously reducing seston concentrations and increasing
dissolved inorganic nutrient concentrations. This was observed at the elongated Slaak
farm located at a sheltered site, the large and relatively sheltered Krammer farm, and
also inside the smaller and exposed Neeltje Jans farm, indicating that the high activity
of the (SMC) mussels can result in measurable impacts on water column composition
even under macrotidal conditions. However, the expected effects were not confirmed at
the other exposed farm at Vuilbaard, and not all deviations from the expected patterns
could be conclusively explained with the available data. Future studies could address this
by focussing on realising higher spatial and temporal resolution in measuring nutrients,
aided by developments in sensor technology and applicability (Daniel et al. 2020). Our
findings add to the growing body of primarily theoretical and indirect evidence of
the simultaneous top-down and bottom-up control of suspended bivalve culture on
phytoplankton (Smaal et al. 1997a, Newell 2004, Jansen 2012, van Broekhoven et al. 2014).
To our knowledge, our study is one of the first (but see Trottet et al. 2008, Zuiiga et al.
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2013) to simultaneously show both top-down control and bottom-up feedback processes
in situ for suspended bivalve culture.
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In this thesis | aimed to investigate the contribution of suspended Seed Mussel Collector
(SMC) communities to nutrient cycling during the summer growing cycle, and to explore
its ecological relevance. This was addressed via four objectives:

i. Quantify filtration and nutrient release by SMC communities;

ii. Develop a multi-element (N,PSi) nutrient budget for an SMC community;

iii. Measure farm scale depletion of seston and accumulation of nutrients under
macrotidal conditions;

iv. Explore the top-down and bottom-up regulation of phytoplankton by mussel seed,
and evaluate its ecological relevance in the transition of wild seed fishery to SMCs.

The previous chapters provided insights into specific nutrient cycling pathways at
individual, community (objective i), and/or farm levels (objectiveiii), using a multi-element
(N-P-Si) approach. In this final chapter, | start by summarising the role that the culture
of bivalve spat plays in mediating nutrient cycling in an ecosystem. Then, | integrate the
findings from the previous chapters to construct a (cumulative) nutrient budget over
the summer growing season (section 7.2; objective ii). This allows an assessment of the
magnitude of impact of suspended mussel spat collectors on nutrient cycling in the host
ecosystem. Subsequently, building on previously presented indicators (Chapter 3), in
combination with a new indicator specifically aimed at evaluation of bottom-up control
and positive feedback, | evaluate the (potential) level of ecological influence exerted by
SMCs (7.3, objective iv). The thesis finishes with concluding remarks in section 7.4.

7.1.The role of bivalve spat culture practices in nutrient feedbacks

This paragraph outlines how bivalve spat culture practices can mediate nutrient cycling
in an ecosystem. The bivalves interact with the system via consumption of phytoplankton
and regeneration of nutrients, both of which are also processed locally via other pathways,
and exchanged with external locations (Figure 7.1). Removal by filtration represents a top-
down control on phytoplankton populations, and stimulation of growth by regeneration
of nutrients represents a bottom-up control. The top-down control can result in a negative
feedback when the bivalves’filtration pressure reduces food availability to the extent that
bivalve growth is affected. In contrast, when nutrients recycled by bivalves - either in the
form of directly excreted products or through the decomposition of released biodeposits
— are taken up by primary producers under nutrient-limited conditions, a fertilisation
of the mussels’ food source takes place. When this primary production is subsequently
consumed by bivalves and other filter feeding organisms, a positive feedback occurs.
Furthermore, the top-down and bottom-up forces can interact, and both need to be
understood and quantified to adequately assess the influence of a bivalve population on
carrying capacity for filter feeders in a system (Prins et al. 1998).
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Aquaculture activities have an effect on the total bivalve stock present in the ecosystem,
which may lead to changes in top-down and bottom-up processes acting on the
phytoplankton. Figure 7.1 summarizes the natural and aquaculture-driven factors
controlling a population of bivalve shellfish in an ecosystem. The bivalve population is
subjectto natural population dynamics andis also influenced by aquaculture interventions
such as harvest or seed provisioning. Spat for bivalve aquaculture is provisioned either
from inside the local ecosystem within which the adults are grown to commercial size or
from an external source (Figure 7.1). Within the system, apart from wild capture fishery,
a common method is the placement of settlement substrate such as lines in the water
column, often followed by thinning practices (e.g. socking) to improve yield. Common
external sources are hatcheries or wild capture fishery import from another ecosystem.
All these routes may increase the proportion of juveniles in the system compared to the
situation without active measures aimed at spat production.

This is exemplified in the case of the Oosterschelde bay. Here, Seed Mussel Collectors
(SMCs) represent a change from the traditional culture practice, where wild seed was
collected primarily from the Wadden Sea (Chapter 2; Capelle 2017). The change is twofold:
i) the seed grows in the local system during the period of nutrient limitation of primary
producers whereas imported seed is already half-grown when introduced in spring and
autumn, and ii) the post-harvest mortality of imported wild-caught seed is much lower
at 54% compared to 92% for SMC mussel seed (Capelle et al. 2016). Both factors imply
an increased bivalve stock size in the Oosterschelde bay, particularly in summer. Overall
mussel recruitment in the bay is also raised by SMCs: natural recruitment of mussels on the
bottom of the Oosterschelde bay (in contrast to SMCs) is very limited (Troost, 2023, pers.
comm.). Large numbers of mussel seed are lost from the SMC during their development
(Chapter 2), but to date no evidence has been found of substantial secondary settlement
of these mussels (e.g. South et al. 2021) leading to the establishment of mussel beds (Karin
Troost, 2023, pers.comm. based on long-term annual monitoring in the western Dutch
Wadden Sea). The key intervention of SMCs is the provision of substrate, thus allowing
the growth of a significant quantity of mussel seed that would not otherwise be able to
establish itself. Furthermore, mussel spat exhibit a proportionally high metabolic activity,
levels of which scale allometrically with animal body size (Smaal et al. 1997b, and review
by Cranford et al. 2011). This timing and high activity level means that the change in
seed provisioning practice is likely to influence nutrient cycling in the system during
the summer. Insight into the regeneration of nutrients by the spat cohort is crucial for a
quantitative understanding of the magnitude of the impacts.
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7.2. Nutrient cycling by bivalve spat

7.2.1. Nutrient budget of a SMC rope section

| constructed a full cumulative nutrient budget, spanning the SMC growing season from
the first observations of settled mussel spat until harvest on day 234, including post-
harvest remineralisation of biodeposits (Figure 7.2). To do so, data from previous chapters

was supplemented with unpublished data and environmental data from national
monitoring (sources given in Box 1).

SMC rope (1 m)

mussels (growth)

N 31.1%
P 11.2%

\ mussels lost N 7.3%
. uptake from SMC P 2.6%
phytoplankton @-—“-_“—N-ZS-(;IS ----- I) E—
mmo —
/1 & other P 425 | AFFOM (growth)
/ organic matter ) mmo N 6.8% SMC harvest o
! Si 6836 mmol 670 \ N 30.6%
' P 5.3% (mussel +  p 13 go5
\ AFFOM)
e \‘\
{ dissolved inorganic \ ti
\ nutrients \ excretion
Y N-3410 mmol i 253576://" biodeposits
i g_'gzz mr|“°' / Si 1.'8%0 feces pseudofeces
\ i 0 mmo /
\\ _________ 4 ﬁ N 21.9% N 14.4%
P 24.9% P 14.8%
SN 29.9%% 51 68.6% Si 29.6%
Lo PA47.8% \
\ Si 100%._ .
sum total \  _.--

regeneration '~

biodeposit remineralisation

feces not (quickly) pseudofeces not
N 1.7% regenerated (quickly) regenerated
0,
P 22.3% P 13.4%
Si 0% Si 0%

Figure 7.2. Integrated nutrient budget calculated for a 1 m section of SMC rope over the full 2012
SMC growing season, including post-harvest remineralisation of labile fractions of biodeposits.
Boxes indicate pools and arrows indicate flows. Uptake and dissolved inorganic nutrient pools
are presented as absolute values, and the percentages are relative to initial uptake. The dissolved
inorganic nutrients pool represents the net balance of the budget, i.e. negative numbers indicate
net uptake by SMCs from the pool. Data sources: Chapter 3 — mussel density; Chapter 4 — individual
mussel biomass, AFFOM biomass, SMC intact section N-P-Si excretion rates; Chapter 5 — feces &
pseudofeces N-P-Si regeneration rates; unpublished data (Box 1) - mussel N-P content, AFFOM

N-P content, feces & pseudofeces production rate, feces & pseudofeces N, P, Bsi content; national
monitoring (MWTL; waterinfo.rws.nl) - PON-POP concentrations.
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Box 1. Calculations and unpublished data used to construct the integrated nutrient budget

Budget calculations
The nutrient budget over the full SMC growing season was obtained by summing daily interpolated values

between pelagic chamber measurement dates (Chapter 4). Excretion measured in pelagic chambers (Chapter
4) was interpolated linearly between dates. Daily feces and pseudofeces remineralisation was calculated by
tracking the actively remineralising pool and applying daily remineralisation fractions (Chapter 5). Nitrogen
and phosphorus remineralisation were continued for 18 days, and Si remineralisation was continued until
depletion. The remaining fraction was considered as not (quickly) contributing to remineralisation. Loss of
mussels was calculated from declining mussel densities, multiplied by the mean individual biomass at the
time of loss (Chapter 4). Total uptake was calculated as the sum of mussel growth, associated fauna flora and
organic matter (AFFOM growth), excretion, feces and pseudofeces production.

Unpublished data
Feces & pseudofeces production

Feces and pseudofeces production rates were measured using the mussels that produced biodeposits for
incubations, as described in Chapter 5. Holding conditions including food availability are described there.
Production rates were quantified by means of vertical flow-through chambers in which mussels were held
on a mesh. The water was allowed to overflow at the top, at a rate visually observed to be just below the
rate at which biodeposits started to be carried upwards. Dry and ash-free dry masses were determined by
gravimetry (see Chapter 5; also for nitrogen, phosphorus, and silicon content of the biodeposits). Rates were
determined for a range of mussel sizes using a controlled and repeated setup. Production rates were then
calculated for the measurement dates (Chapter 4) using the full observed distribution of mussel sizes per
measurement date (Chapter 4). These were subsequently scaled to PON and POP concentrations taken from
national monitoring data (MWTL; waterinfo.rws.nl) and interpolated linearly between sampling dates, relative
to concentrations in the mussels’ (natural) water supply during measurements. Finally, daily production rates
were derived using an exponential relation of individual production rate over time, combined with daily
mussel density on SMC ropes (Chapter 2).

Mussel nitrogen, phosphorus content

Nitrogen and phosphorus content were determined for 0.2-20.0 mm shell length mussels taken from across
the SMC growing season by means of segmented flow analysis after selenium, salicylic acid and sulfuric acid
digestion following homogenisation, according to Temminghof & Houba (2004). For mussels > 12.0 mm
shell length, tissue and shell were analysed separately. The mean proportion of the total nitrogen which was
contained in the shell was 31.6%, and the corresponding value for phosphorus was 23.3%.

AFFOM nitrogen, phosphorus content

Nitrogen and phosphorus content were determined for AFFOM at each measurement date (see Chapter 4).
For the fraction > 1000 um, the procedure was the same as described for mussels above. Smaller AFFOM was
captured on GF/C filters and its nitrogen content was determined after powderisation by means of organic
element analyser according to Nieuwenhuize et al. (1994). Phosphorus content was determined by means of
inductively coupled plasma optical emission spectroscopy according to Poussel et al. (1993).
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By the end of the SMC growing season, 31% of nitrogen and 11% of phosphorus uptake by
the SMC assemblage had been sequestered in mussel spat biomass. Approximately three
quarters of this was harvested at the end of the season, while the remaining one quarter
was lost with mussels detaching from the SMC over the course of the growing season.
Through harvest of both mussels and AFFOM, 31% of the nitrogen uptake and 14% of the
phosphorus uptake were collected. Although a small part of the AFFOM may directly or
indirectly arise from mussel biodeposition and would thus be counted twice in the overall
nutrient uptake estimate, the majority of the AFFOM consisted of independently feeding
organisms such as hydroid polyps and green filamentous algae (Chapter 4). The AFFOM was
therefore counted as a separate component. The relative magnitude of sequestration of
nitrogen by the AFFOM was roughly a quarter of the amount incorporated by the mussels.
For phosphorus this was half the amount, demonstrating the importance of assessing
the SMC community as a whole. It shows that measurements on whole communities (as
in Chapter 4) are more representative of actual rates in the field than extrapolations of
individual measurements that do not take the AFFOM into account (Chapter 4; Richard et
al. 2006, 20073, Jansen 2012). Chapter 4 also underlined the importance of accounting for
weight-specific activity when assessing impacts of SMCs on the ecosystem. A comparison
of weight-specific activity of SMC mussels to the literature showed much higher values in
our study (Chapter 4), as can be expected based on allometric scaling (Bayne et al. 1976a b).

Total nutrient uptake, calculated as the sum of mussel growth, associated fauna flora
and organic matter (AFFOM) growth, excretion, and feces and pseudofeces production,
was, however, not fully matched by filtration rates empirically measured in the pelagic
chambers (Chapter 4). Measured clearance rates could account for 35-98% of calculated
total uptake rates, with the ratio varying per nutrient and over time. Compared to the
present study, Jansen (2012) found a closer match between community filtration rates
and calculated uptake (102-127%) for M. edulis in oligotrophic Norwegian fjords. It
is possible that adaptation to oligotrophic conditions in these mussels resulted in a
more persistent high activity level (Strohmeier et al. 2009) than in mussels accustomed
to eutrophic conditions, as in the present study. Jacobs et al. (2015) also measured
apparently low filtration rates, using grazing chambers in the Western Wadden Sea.
These authors aimed for complete mixing of the grazing chambers similar to the pelagic
chamber measurements in this thesis (Chapter 4), but hypothesised that refiltration still
occurred and might explain the low rates. Mixing appeared to be more vigorous in the
grazing chambers applied in the current study (personal observation), but refiltration as
a possible explanation cannot be ruled out entirely. It seems unlikely that the difference
was caused by release of nutrients trapped in the organic matrix due to handling of the
ropes. This would be measured as part of excretion, which for Si was minimal while the
discrepancy between measured filtration and calculated uptake was in a similar range
as for nitrogen and phosphorus. What may have contributed to the difference between
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calculated uptake rates and measured filtration rates is a difference in timescale and
timing of the experiments. Filtration rates were determined in short incubations of
around one hour during daytime, whereas certain uptake rates (e.g. growth) were based
on measurements over much longer timescales ranging from days to weeks. In mussels,
the presence of light has been shown to affect filtration rates (Hills et al. 2020), relocation
behaviour (Kobak & Nowacki 2007), and growth and survival of newly settled specimens
(Mero et al. 2019). Mytilus edulis has been found to display greater levels of valve gape
opening, feeding activity, and growth at night during darkness than during daylight hours
(Stromgren 1976, Nielsen & Stromgren 1985, Gnyubkin 2010, Robson et al. 2010). All of
the above may have contributed to the observed difference, since the pelagic chamber
measurements (Chapter 4) were carried out during daylight hours. Future studies, at least
in eutrophic environments, should validate filtration measurements to account for any
circadian variability.

The fraction of regenerated nutrients relative to their uptake varied strongly between
the elements. Approximately one third of the nitrogen, half of the phosphorus, and all
of the silicate was regenerated and thus made available again for primary producers.
The pathways contributing to regeneration also varied between the elements. Excretion
by the mussel spat community (Chapter 4) was the dominant regeneration pathway for
nitrogen (accounting for 86% of total nitrogen regenerated) and phosphorus (92%), but
silicon regeneration occurred primarily through biodeposit decomposition (98%, Chapter
5). This study demonstrates the importance of characterizing biodeposit remineralization
when assessing the impact of bivalve cultures on nutrient cycling (Chapter 5). The relative
importance of excretion, biodeposit production, and incorporation into mussel biomass
(Figure 7.3) followed similar patterns as reported by Jansen et al. (2011) for suspended
rope culture in an oligotrophic Norwegian Fjord (see also Chapter 3). In both studies,
nitrogen was divided more equally over the three pathways than phosphorus. For
phosphorus the excretion pathway was greater than the fraction incorporated in tissue.
Given the difference in food availability, it was remarkable that the proportion of nutrients
allocated to biodeposition was similar between the two studies as mussels generally do
not produce pseudofeces under oligotrophic conditions. Despite rejecting 16% of the
filtered nitrogen in pseudofeces, the mussel seed in our study seemed to make more
efficient use of their food as they converted more of the filtered nitrogen into growth
(33% in our study compared to 24% in the Norwegian case). It is hypothesized that these
differences can be explained by lower metabolic requirements (lower excretion) or by
higher absorption efficiencies (lower egestion in feces).
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excretion biodeposition mussel growth

Figure 7.3. Relative importance of physiological processes based on the allocation of nutrients,
summed over the full 2012 SMC growing season (until harvest).

7.2.2. Temporal dynamics over the SMC growing season

Three apparent phases in nutrient pathways over the course of the growing season can
be conceptually distinguished (Figure 7.4, left panels): i) initial uptake increase; ii) levelling
phase; iii) final uptake increase. The first phase (start until measurement 3, July 11) was
characterised by a buildup of total uptake, with the majority of captured nitrogen and
phosphorus being directly excreted. Biodeposit production gained in importance after
some time. In the second phase (measurement 3, July 11 to measurement 4, August
9), total uptake levelled off (nitrogen, phosphorus) or decreased (silicon). Biodeposit
production gained a share of captured nutrients for both nitrogen and phosphorus. And
while excretion of nitrogen did not increase further, excretion of phosphorus continued
to increase. Possibly, these patterns are linked to the increase of mussel biomass on the
ropes during this interval due to increasing individual size (Chapter 2), and differences in
processing of nitrogen and phosphorus during growth. In the third phase (measurement
4, August 9 onwards), uptake increased again due to an accelerated mussel growth rate.
In this phase, a large share of captured nitrogen and phosphorus was incorporated into
mussel biomass. The ratio between nutrients (nitrogen and phosphorus) incorporated
into mussel biomass and excreted nutrients increased strongly. This suggests that mussels
were growing more efficiently, at least in terms of nitrogen and phosphorus incorporation.
The transition to the third phase coincided with the levelling off of previously high
rates of mussel loss from the ropes (Chapter 2). It is possible that the increased growth
efficiency in the third phase reflects the apparently conducive individual circumstances
of the remaining mussels. The high loss rates of mussels prior to this point may be linked
to inadequate individual circumstances, likely including orientation with respect to
the ability to capture incoming food particles. For nitrogen and phosphorus, nutrient
regeneration was dominated by excretion throughout the SMC growing season, while
for silicon, biodeposit regeneration was the dominant pathway (Figure 7.4, right panels).
Post-harvest, comparatively little nitrogen and phosphorus continued to be regenerated,
whereas silicon regeneration continued at a considerable rate.
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Figure 7.4. nutrient pathways that together represent total uptake (left panels), and those that
together represent total regeneration (right panels). Right panels continue beyond harvest date
(vertical large dash). Remineralisation of Si continues beyond the range shown, until depletion of
the accumulated biodeposit pools. Vertical small dashed lines indicate the measurement days.

7.3. Ecosystem interactions of SMCs in the Oosterschelde bay

To understand how the regeneration of nutrients may contribute to the functioning of
the ecosystem, | evaluate SMC-ecosystem interactions for the Oosterschelde bay in this
section. Specifically, the extent to which negative and positive feedbacks take place,
including the ability of SMCs to fertilise their phytoplankton food source during the
course of the growing season. | used a set of indices (Box 2) to inform this analysis, where
filtration and nutrient regeneration rates are combined with either: SMC biomass over
the growing season, phytoplankton nutrient requirements, nutrient limitation status, and
Oosterschelde bay compartment water masses. In addition to the basin as a whole, two
contrasting compartments are shown: the most exposed mouth section on one hand, and
the most sheltered Slaak gully on the other hand (Figure 7.5, characteristics in Table 7.1).
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The largest influence of SMCs was expected in the enclosed Slaak gully (for this reason the
location was investigated as part of the farm scale study, Chapter 6).

PN
: X N 7
= 3 monitoring station '

P | By
\}@ = “W <(§ gully
\@/mﬁox ' oy

Wissenkerke

e Y —— low tide line
y < = QQ monitoring station
S 2 N Lodijkse Gat

0 2 4 6 8
kilometers

Figure 7.5. Map of the Oosterschelde bay indicating mouth and Slaak gully compartments
(hatched areas), and the three Oosterschelde bay monitoring stations of the national water quality
monitoring programme (www.waterbase.nl).



Table 7.1. Physical, environmental and biological characteristics of the Oosterschelde bay at the

level of the basin and for the mouth and Slaak gully compartments.

Synthesis | 159

Parameter Basin Mouth Slaak gully Source
surface area at mean water level NAP 304 km? 106 km? 2.5 km? 1,2
(Amsterdam gauge)

water volume at mean water level 274%10’ m3 115%*107 m? 1*10’ m3 1,3
NAP

(mean) water residence time 0-150 (40) d 52d 150d 4
SMC M. edulis harvest, 2012 3.2¥10°kg 2.2*10°kg 0.2¥10° kg 5
Wild and culture plots M. edulis 44.7*10° kg 17.0*10°¢ kg 0.4%10° kg 5
biomass, 2012

Other bivalve filter feeder biomass, 66.6%10° kg 15.4%10° kg 1.1*10° kg 5
2012

[DIN-N] range Jun-26 — Aug-21 2012 1.6-8.2 (umol L")  1.4-8.7 (umol L") 1.1-7.1 (umol L)
[phosphate-P] range Jun-26 — Aug-21 0.6-1.1 (umol L")  0.6-1.0 (umol L") 0.5-1.5 (umol L")

2012

[silicate-Si] range Jun-26 — Aug-21 2.1-7.7(umol L") 0.7-7.4 (umol L") 1.5-8.3 (umol L") 6

2012

Sources: 1: (Smaal & Boeije 1991a); 2: calculated from map; 3: estimated from depth chart; 4: Jiang et al.
(2019); 5: Jansen et al. (2019); 6: national biweekly routine monitoring programme, www.waterbase.nl (mouth:
Wissenkerke monitoring station; Slaak gully: Zijpe station; Basin: mean of the three stations). DIN = Dissolved
Inorganic Nitrogen (sum of ammonia, nitrate, and nitrite).

7.3.1. Nutrient limitation status and local primary production

To assess whether nutrients regenerated by SMCs in the Oosterschelde bay during the
summer growing season may contribute to primary production, it is first of all important
to identify which nutrients are limiting primary production. | evaluated this nutrient
limitation status by two methods: i) comparing nutrients in the bay with Redfield (1934)
and Brzezinski (1985) ratios for phytoplankton;ii) Monod-scaling of nutrient concentrations
(Figure 7.6).

In the first method, the Redfield ratio applies to all phytoplankton, and the Brzezinski
ratio is relevant for diatoms since these require silicon to grow their frustules. In all
compartments, DIN:DIP ratios (dissolved inorganic nitrogen / phosphorus) were below
the Redfield ratio of 16:1 and decreased during the SMC growing season (Figure 7.6, top
panels), indicating a relative shortage of nitrogen. DIN:DSi (dissolved inorganic nitrogen
/ silicon) ratios were below the Brzezinski ratio of 16:15 in the second half of the season
in all compartments. In Slaak gully they were lower from the start (Figure 7.6, bottom
panels). This indicates a shift from a relative silicon to nitrogen shortage for diatoms.
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Box 2. Ecosystem interaction indices

This box details the calculation of indices used here to evaluate ecosystem interactions resulting from
nutrient cycling by SMCs.

List of abbreviations used in the formulae:

E = Excretion rate RT = Residence Time

FR = Feces Regeneration rate PPT = Primary Production Time

PFR = Pseudofeces Regeneration rate AN = Ambient Nutrient concentration

AM = Assimilation rate into mussels Vv = water Volume

AA = Assimilation rate into AFFOM BM = Biomass of Mussels

FP = Feces Production rate Up = nutrient Uptake rate by phytoplankton
PFP = PseudoFeces Production rate SA = Surface Area

o) = Clearance Time

Source and sink fractions of nutrients

The source fraction is given by the sum of nutrient regeneration pathways as a fraction of the sum of nutrient
destinations after uptake, on a particular day (Equation 1). Or more simply put: the nutrients returned to the
system, as a proportion of nutrients taken in on the same day. The sink fraction is the inverse, given by: 1 -
(source fraction), see Chapter 3.

) facti s rion — E + FR + PFR
Equation 1. Source fraction ource fraction = - TAA+E+FP+PFP

Clearance Ratio (CR) and Grazing Ratio (GR)

The Clearance ratio is given by the clearance time over the residence time, and the Grazing ratio is given by
the clearance time over the primary production time (Dame and Prins, 1998). The CR and GR were taken from
Jiang et al. (2019).

CcT

Equation 2. Clearance Ratio (CR) CR = 7T

. . . GR p— CT
Equation 3. Grazing Ratio (GR) = 5T

Nutrient Turnover Time (NTT)

NTT represents the quantity of dissolved nutrients present in the system, over the daily regeneration of
nutrients in that system. More simply put: the number of days it would take to completely replace the
dissolved nutrients in the system (see Chapter 3). A SMC mussel biomass estimate per compartment for each
of the measurement dates (Chapter 4) was derived by scaling the SMC mussel biomass harvest (Table 11)
using the growth curve at the Galgeplaat SMC (chapter 4).

AN *V

Equation 4. Nutrient Turnover Time NIT=—ouo-—
BM(E + FR + PFR)
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Box 2. Continued

Potential Extent of Fertilisation (PEF)

PEF represents the daily regeneration of nutrients in the system, over the daily nutrient uptake by
phytoplankton in that system. More simply put: the proportion of daily phytoplankton uptake potentially
provided by SMCs. Monthly nutrient uptake rates by phytoplankton were based on 1991 - 2010 monthly
primary production estimates by Malkin, Kromkamp and Herman (2010). Mean monthly C uptake rates
for 2012 were extrapolated using negative linear functions based on 1991 - 2012 annual gross primary
production values (Kromkamp 2017, pers.comm.) to account for the negative trend in recent decades
(Kromkamp and lhnken, 2012; Kromkamp et al., 2013). The C uptake rates were converted to N, P, and Si
using Redfield’s (1934) and Brzezinski's (1985) ratios.

BM(E + FR + PFR)

Equation 5. Potential Extent of Fertilisation PEF = Up+SA

In the second method, the Monod equation relates growth to the concentration of a
limiting nutrient, and can be used to evaluate which nutrient is most limiting (following
Philippart et al. 2007). For non-diatom phytoplankton, DIN turned out to be most limiting.
In the Slaak gully early in the season and in the mouth and the basin as a whole, Monod-
scaled DIN concentration was clearly lower than Monod-scaled DIP concentration from
about midway during the SMC growing season. For diatoms, DSi was most limiting in
the mouth and basin as a whole during the first half of the SMC growing season, after
which DIN took over. In Slaak gully, DIN and DSi were relatively close during the first
half of the SMC growing season, before DIN clearly became most limiting. Evaluated by
monthly means for July, August, and September, the pattern of either DIN or DSi as the
most limiting nutrient generally applied for all Oosterschelde bay compartments over
the entire period from 2010 when spat production using SMCs started, (see Chapter 3) to
2021 (most recent data availability, waterinfo.rws.nl; results not shown).

Subsequently it is relevant to identify whether filter feeders depend on locally produced
phytoplankton or if most feed is imported (external primary production). | evaluated this
by means of the Clearance Ratio (CR) and Grazing Ratio (GR) indices (Box 2). A CR>1 is
considered indicative of a relatively open exchange with external waters. A CR<1 then
indicates a relatively closed system, where carrying capacity depends more on internal
primary production. In that case, the Grazing Ratio is considered a relevant measure,
expressing filtration pressure on the local primary production. Values <1 would indicate
unsustainable overgrazing. The Aquaculture Stewardship Council’s bivalve standard
stipulates that if CR<1, GR should be >3 (Threshold for Potential Concern, Aquaculture
Stewardship Council 2019).
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In the Oosterschelde bay, Jiang et al. (2019) reported CR<1 and GR>5 for the period 1992
-2010 (no primary production data were available after 2010). This implies a dependence
of filter feeders in the system on local primary production, and on average no excessive
grazing pressure. However, Comeau et al. (2023) caution that structural shifts in
phytoplankton composition can still occur at higher GR values: from approximately 15 in
the case of Prince Edward Island (Canada) embayments. In a recent update investigation
on the Oosterschelde bay, no indications were found for changes to the general picture
for 1992-2010 (Craeymeersch et al. in prep). Although seston imported from the North
Sea is argued by these authors to be able to meet the basic metabolic demands of bivalve
shellfish stocks to a large extent, this situation is likely different under nutrient limitation
during the SMC growing season. Note also that the basic metabolic demand assessed
in the study may underestimate actual metabolic requirements during the SMC growing
season since the model that the authors used did not include growth, and did not account
for the effect of high water temperatures on metabolic rates in this season.

In any case, a high phytoplankton demand for nutrients combined with water residence
times in the order of weeks to months (Smaal & Boeije 1991b, Jiang et al. 2019), will lead
to recirculation of regenerated nutrients via primary producers back to the filter feeding
populations during the SMC growing season. Although it is indirectly observed via mussel
growth rates, directly linking nutrient regeneration via primary production to bivalve
filter feeder growth rates was beyond the scope of this thesis. This presents an interesting
avenue for further research.
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7.3.2. Nutrient cycling and feedback

Having established the occurrence of nutrient limitation and the relevance of local primary
production for filter feeders during the SMC growing season, | assessed the role of SMCs
as nutrient sink and source, the influence on stoichiometric ratios in the environment, and
evaluated the potential extent of positive feedback by means of the Nutrient Turnover
Time (NTT, Box 2) index and the newly developed Potential Extent of Fertilisation (PEF,
Box 2) index.

Nutrient sink and source

The SMCs effectively act as a sink and a source of nutrients, both removing nutrients
by filtration and returning nutrients by regeneration (Box 2). In this study the SMC
represented a sink for 70% of all nitrogen taken in, and a source for the 30% that was
regenerated.These values were close to suspended culture rope systems in an oligotrophic
Norwegian fjord system and mussel beds in the German Wadden Sea, but differed from
measurements on cultured mussel beds in the Oosterschelde bay which acted as a
source of 85-100% of nitrogen taken in (Chapter 3). For phosphorus, the SMC acted as
a sink for 52%, and a source for 48%. This was relatively similar to suspended culture in
an oligotrophic Norwegian fjord system (56% source), but differed from cultured mussel
beds in the Oosterschelde bay (33-100% source depending on time of measurement).
Given the full remineralisation of silicon from biodeposits assumed in the current study
based on Chapter 5, the SMC acted as a source for 100% of silicon taken in. Mussel beds
in the Oosterschelde bay were previously found to also act as a source for 100% of silicon,
but 48% has also been reported (Chapter 3). In contrast to suspended cultures such as
SMCs, mussel beds are able to progressively accrete organic material over time, which
can explain functioning as a sink in certain conditions despite the mussels themselves not
incorporating any silicon into tissue or shell. Expressed on a daily basis (Box 2), nitrogen
and phosphorus regeneration took place right from the start of the culture cycle, whereas
silicon regeneration was relatively delayed (Figure 7.7). The maximum source values
achieved by the SMC reached 45% for nitrogen earlier on in the SMC growing season,
and 54% for phosphorus and 28% for silicon at a later stage. The absence of a substantial
excretion component for silicon, together with the absence of incorporation of silicon
into mussels or AFFOM, led to lower source values early on in the growing season. The
reduction of source proportions near the end of the season was caused by acceleration of
the rate of biodeposit accumulation due to accelerated mussel biomass growth.
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Figure 7.7. Source fraction for N, P, and Si, representing the nutrients returned to the system as a
proportion of nutrients taken in on the same day.

It should be noted that nutrient release continues post-harvest. A fraction of biodeposits
is mineralised on a relatively short timescale of days to weeks (Chapter 5 and paragraph
7.2.2). However, a proportion of the less labile fractions of biodeposits will likely eventually
be remineralised. Furthermore, the measurements on remineralisation of biodeposits
(Chapter 5) were performed in the absence of macrofauna, whereas biodeposits can
be a food source for such organisms (e.g. a deposit feeding polychaete, Bergstrom et
al. 2019). Biodeposit remineralisation may thus occur faster or more completely under
natural circumstances. Furthermore, in case the mussel seed is relayed after harvest in
the same ecosystem, mortality of mussel seed represents another significant return
flow of nutrients. Given the high mortality of SMC mussels between relaying on bottom
culture plots and final harvest for consumption (92%, Capelle et al. 2016), the quantity
of nutrients locked away temporarily represents over an order of magnitude more than
the quantity that is passed on to adult mussels and ultimately harvested for human
consumption. These nutrients are not available for primary production and thereby for
other filter feeders during the SMC growing season. SMCs contrast in this regard with the
adult mussel culture in the system, which locks away a comparatively small quantity of
nutrients per unit harvested biomass during the growing period. Approximately 42% of
mussel seed is lost directly upon seeding (Capelle et al. 2016), so that this fraction can be
expected to remineralise on a timescale of days to months from harvest. The remainder of
mussel loss occurs more gradually between seeding and harvest, so that these nutrients
will be returned to the environment over a period of several years.



166 | Chapter?7

Stoichiometry

Apart from assessing nitrogen, phosphorus, and silicon dynamics, it is relevant to look
at nutrient stoichiometry while assessing (potential) aquaculture-ecosystem interactions
(Prins et al. 1998). In principle, phytoplankton composition can be altered when nutrients
are regenerated in proportions that differ from ambient ratios in the system (Prins &
Smaal 1994, Turner et al. 1998, Philippart et al. 2000, Cloern 2001, Richard et al. 2006,
Jansen et al. 2011). Differences in regeneration of the elements resulted in nutrient ratios
that differ both from Redfield’s and Brzezinski’s mean ratios, and from ambient ratios
of the inorganic nutrients. This implies a potential effect on phytoplankton community
dynamics. DIN:DIP and DSi:DIP ratios in the Oosterschelde bay in reference year 2012 were
considerably lower than Redfield’s (1934) and Brzezinski's (1985) ratios, while the DIN:DSi
ratio was slightly lower (Table 7.2). This was the case during the SMC growing season, and
also over the full year. There were no obvious trends over the period 2010-2021. These
ratios indicate relative shortages of nitrogen and silicon compared to phosphorus, with
nitrogen in shortest supply. This is in line with the nitrogen and silicon limitation status of
the system described in paragraph 7.3.1.

Compared to the nutrients present in the water during the SMC growing season, the SMCs
provided some more nitrogen and silicon relative to phosphorus (Table 7.2). However,
compared to Redfield’s and Brzezinski's ratios the mussels still returned a relative shortage
of nitrogen. During the SMC growing season the difference between regenerated nutrient
ratios and ambient nutrient ratios in the water column were <20%. But after harvest of the
SMCs, a further fraction of nutrients was regenerated from biodeposits (Table 7.2, and see
paragraph 7.2.1). This was particularly the case for silicon. Over this extended period the
SMCs still returned a relative shortage of nitrogen and a relative surplus of phosphorus,
but also a relative surplus of silicon.

Finally, as an extractive aquaculture technique, bivalve culture constitutes a net downward
pressure on nitrogen and phosphorus present in the system on longer timescales. After
harvest of the SMCs, the young mussels are relayed onto bottom culture plots for growing
tocommercial size. If the mussel seed is relayed in the same system, if the AFFOM associated
with SMCs is assumed to remain in the system, and if nutrients contained in the less labile
fractions of biodeposits are also counted in the remaining pool of nutrients, then the net
removal from the system is formed only by the SMC mussels that survive until their final
harvest as full-grown mussels. The molar N:P ratio in SMC mussels established in this study
was 31.9 (similar to adult M. edulis tissue in cultivation areas around the world, see chapter
3), and the mussels contained no Si (see Box 1).. This means that the pressure on nitrogen
in the system caused by harvest for consumption was greater than on phosphorus, since
this N:P ratio was greater than ambient concentrations (Table 7.2).
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Table 7.2. Comparison of nutrient stoichiometry as regenerated by SMCs, and as present in the
Oosterschelde bay in reference year 2012, with reference values for phytoplankton as described by
Redfield (1934) and Brzezinski (1985). Nutrient concentrations in the Oosterschelde bay from the
Dutch national monitoring programme “MWTL" (www.waterbase.nl).

N:P Si:P N:Si

Regenerated nutrients by SMC during SMC growing season 7.0 6.4 1.1
Regenerated nutrients by SMCs including post-harvest phase 7.2 30.5 0.2
Dissolved Inorganic nutrients* during 2012 SMC growing season 5.6 5.7 1.0

during the year 9.1 9.8 0.9
Redfield’s & Brezezinski's ratios 16 15 1.1

*Ambient values in the Oosterschelde bay 2012

Nutrient turnover & potential fertilization effect

The Nutrient Turnover Time (NTT; Box 2), or the time it would take for the SMCs to fully
replace the dissolved inorganic nutrients present in the system compartment, can
be compared to the water Residence Time (RT). If NTT<RT, the SMCs are considered to
meaningfully mediate nutrient cycling locally (Chapter 3) during the SMC growing season,
although this should not be regarded as a hard boundary and some degree of influence
occurs before this point. Figure 7.8 (left panels) shows how the influence of SMCs differs
between nutrients and system compartments. In the Slaak gully, SMCs mediated nutrient
cycling within the local compartment for almost the entire duration of the growing season:
NTT became lower than RT for all nutrients early on in the SMC growing season. For the
mouth and the basin as a whole, this occurred only for nitrogen, at the end of the growing
season (Figure 7.8, left panels). In Chapter 3, the Nutrient Turnover Time for nitrogen was
compared with Residence Time in the same way for other mussel aquaculture areas in
the world. The only other location where NTT<RT occurred was Great Entry Lagoon. This
would suggest that the nitrogen interaction exhibited by SMCs in the Oosterschelde is
among the strongest mussel-ecosystem nitrogen interactions in the world. However, the
comparison in Chapter 3 is based on averaged values, whereas in the present study the
maximum is evaluated.
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Figure 7.8. Left panels: Nutrient Turnover Time (NTT) calculated per compartment (symbol types)
and per nutrient (panels), representing the time required for SMCs to fully replace dissolved
inorganic nutrients in the compartment. Water Residence Times (RT) are shown for comparison.
Right panels: Potential Extent of Fertilisation (PEF) calculated per compartment (symbol types) and
per nutrient (panels), representing the proportion of nutrient uptake by phytoplankton provided
by SMCs.

The Potential Extent of Fertilisation (PEF, Box 2) reflects the proportion of nutrient uptake
by phytoplankton provided by SMCs. As for the Nutrient Turnover Time (NTT), the
fertilisation potential (PEF) was largest in terms of nitrogen, reaching approximately order
of magnitude higher levels than for phosphorus and silicon (Figure 7.8, right panels). For
the basin as a whole, the Potential Extent of Fertilisation indicated a low contribution
of 0.1% to silicon requirement of diatoms when silicon was most limiting (on Julian day
206), but there was a substantial positive feedback in terms of nitrogen of 9% of the
phytoplankton primary production requirement at the time of harvest when nitrogen
was most limiting (Figure 7.8, right panels). In the mouth of the Oosterschelde bay, PEF
values were highest. For diatoms, silicon was most limiting during the first period, but
the subsidy of silicon from SMCs to the system was low around this time (0.3% on Julian
day 206). Nitrogen was most limiting at the end of the SMC growing season, and at the
time of harvest up to 32% of the phytoplankton primary production requirement was
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contributed by SMCs. In the enclosed Slaak gully, PEF values were almost as high as in the
mouth, supplying at the time of SMC harvest up to 26% of the phytoplankton primary
production nitrogen requirement. These findings indicate that especially toward the end
of the SMC growing season when the mussels have grown and their total activity is highest,
a substantial positive feedback of regenerated nutrients via primary producers to the SMC
mussels, and to other filter feeders in the system, occurs. This conclusion has relevance not
only for the evaluation of changing aquaculture practices in existing situations, but also
for understanding the consequences of invading filter feeding species into new systems.

Finally, it is interesting to make a comparison of SMC and adult mussel activity in the
Oosterschelde bay, which mediate nutrient cycling in the same system. The Oosterschelde
bay contains a sizeable adult mussel population mostly on mussel culture lease plots
fluctuating around 40*10° kg since reference year 2012 (Craeymeersch et al. in prep;
data until 2021), with SMCs amounting to an order of magnitude lower biomass of
approximately 3*¥10° kg (Chapter 2). The greater weight-specific SMC filtration and nutrient
regeneration rates of the smaller specimens (chapter 4; Cranford et al. 2011) brought SMC
activity per unit biomass at or above the upper end of the range reported for adult mussel
beds in the Oosterschelde bay (Chapter 3). Taking biomass into account, at the peak of
the SMC growing season SMCs captured and released significant amounts of nutrients
compared to the adult mussel stock. Summarising over the mouth, Slaak gully, and basin
as a whole, SMC clearance rates represented 0.4-22.0 times those of the adult mussel
stock, DIN excretion 0.1-9.6 times, phosphate excretion 0.1-22.0 times, and silicate
excretion 0.7-5.2 times. This comparison shows that SMC mussels are able to match, and
exceed by an order of magnitude, the activity of the adult mussels in the Oosterschelde
bay during the growing season.

7.4. Concluding remarks

In this chapter | combined data from Chapters 2, 4, and 5 and showed substantial nutrient
regeneration potential of SMCs during the growing season in the Oosterschelde bay,
in combination with nutrient limitation of primary production. Substantial nutrient
regeneration was confirmed by a field study that evaluated filtration and nutrient
regeneration from commercial SMCs directly at the scale of an entire SMC (Chapter 6).

It is noteworthy that assessments of aquaculture-ecosystem interactions are frequently
made on an annual scale. A recommendation following from the findings in this study is
to assess effects with appropriate spatial and temporal resolution. This chapter showed a
pronounced difference between spatial scales with regard to the magnitude of potential
effects, with Slaak gully and the mouth of the bay experiencing much stronger effects
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than the Oosterschelde bay as a whole. Temporal scale is equally relevant: SMCs were
shown to be able to provide a positive feedback during the summer growing season,
but the occurrence of nutrient limitation of phytoplankton during the summer SMC
growing season would not be detected when averaged on an annual scale. The spatial
and temporal resolution of assessments should reflect both the physical and temporal
distribution of the aquaculture population under study in conjunction with functional
characteristics of ecosystem compartments. Important factors in this regard are water
mass residence time, and the occurrence of any nutrient limitation for phytoplankton, the
food source for filter feeding species.

In conclusion, this thesis provided evidence for strong ecosystem interactions in terms
of top-down and bottom-up control, at local and potentially at bay-wide scale. SMCs
affect phytoplankton populations through grazing activity, but in return may regenerate
a substantial proportion of the assimilated nutrients and thereby potentially stimulate
primary production. This results in a lower overall pressure on phytoplankton populations
than may be expected based on grazing pressure alone. SMCs in the Oosterschelde bay
provide a substantial positive feedback to primary producers, particularly in terms of
nitrogen. Disregarding this effect when assessing environmental impacts of SMCs may
substantially overestimate the impact on carrying capacity for filter feeding populations
in the system.



Synthesis | 171







Reference list







Reference list | 175

Reference list

Aksnes D, Aure J, Kaartvedt S, Magnesen T, Richard J (1989) Significance of advection for the carrying
capacities of fjord populations. Mar Ecol Prog Ser 50:263-274.

Aminot A, Kérouel R, Coverly SC (2009) Nutrients in seawater using segmented flow analysis. In:
Practical guidelines for the analysis of seawater. Wurl O (ed) Taylor & Francis, Boca Raton, FL, p
143-178

Aquaculture Stewardship Council (2019) ASC Bivalve Standard Version 1.1.

Asmus H, Asmus RM, Reise K (1990) Exchange processes in an intertidal mussel bed: a Sylt-flume
study in the Wadden Sea. Wattenmeerstation Sylt, Hamburg.

Asmus H, Asmus RM, Zubillaga GF (1995) Do mussel beds intensify the phosphorus exchange
between sediment and tidal waters? Ophelia 41:37-55.

Asmus RM, Asmus H (1991) Mussel beds: limiting or promoting phytoplankton? J Exp Mar Biol Ecol
148:215-232.

Asplin L, Salvanes AGV, Kristoffersen JB (1999) Nonlocal wind-driven fjord-coast advection and its
potential effect on plankton and fish recruitment. Fisheries Oceanography 8:255-263.

Aure J, Molveer J, Stigebrandt A (1996) Observations of inshore water exchange forced by a
fluctuating offshore density field. Marine Pollution Bulletin 33:112-119.

Aure J, Strohmeier T, Strand O (2007) Modelling current speed and carrying capacity in long-line
blue mussel (Mytilus edulis) farms. Aquaculture Research 38:304-312.

Avanzino RJ, Kennedy VC (1993) Long-term frozen storage of stream water samples for dissolved
orthophosphate, nitrate plus nitrite, and ammonia analysis. Water Resour Res 29:3357-3362.

Avdelas L, Avdic-Mravlje E, Borges Marques AC, Cano S, Capelle JJ, Carvalho N, Cozzolino M, Dennis J,
Ellis T, Fernandez Polanco JM, Guillen J, Lasner T, Le Bihan V, Llorente |, Mol A, Nicheva S, Nielsen
R, Van Oostenbrugge H, Villasante S, Visnic S, Zhelev K, Asche F (2021) The decline of mussel
aquaculture in the European Union: causes, economic impacts and opportunities. Reviews in
Aquaculture 13:91-118.

Azam F, Fenchel T, Field JG, Gray JS, Meyer-Reil LA, Thingstad F (1983) The ecological role of water-
column microbes in the sea. Mar Ecol-Prog Ser 10:257-263.

Babarro JM, Fernandez-Reiriz MJ, Labarta U (2000) Growth of seed mussel (Mytilus galloprovincialis):
effects of environmental parameters and seed origin. Journal of Shellfish Research. 19, 187-193.
Journal of Shellfish Research 19:187-193.

Bardo L, Vandevenne F, Clymans W, Frings P, Ragueneau O, Meire P, Conley DJ, Struyf E (2015)
Alkaline-extractable silicon from land to ocean: a challenge for biogenic silicon determination.
Limnol Oceanogr-Meth 13:329-344.

Barillé L, Cognie B (2000) Revival capacity of diatoms in bivalve pseudofaeces and faeces. Diatom
Res 15:11-17.

Baudinet D, Alliot E, Berland B, Grenz C, Plante-Cuny M-R, Plante R, Salen-Picard C (1990) Incidence
of mussel culture on biogeochemical fluxes at the sediment-water interface. 207:187-196.



176 | Reference list

Bayne BL (1998) The physiology of suspension feeding by bivalve molluscs: an introduction to the
Plymouth “TROPHEE” workshop. J Exp Mar Biol Ecol 219:1-19.

Bayne BL, Iglesias JIP, Hawkins AJS, Navarro E, Heral M, Deslous-Paoli JM (1993) Feeding behaviour
of the mussel, Mytilus edulis: responses to variations in quantity and organic content of the
seston. Journal of the Marine Biological Association of the United Kingdom 73:813-829.

Bayne BL, Scullard C (1977) Rates of nitrogen excretion by species of Mytilus (Bivalvia - Mollusca). J
Mar Biol Assoc UK 57:355-369.

Bayne BL, Thompson RJ, Widdows J (1976a) Physiology: I. In: Marine mussels : their ecology and
physiology. International biological programme;no. 10, Bayne BL (ed) Cambridge University
Press, Cambridge

Bayne BL, Thompson RJ, Widdows J (1976b) Physiology: Il. In: Marine mussels : their ecology and
physiology. International biological programme;no. 10, Bayne BL (ed) Cambridge University
Press, Cambridge

Beadman H, Willows R, Kaiser M (2002) Potential applications of mussel modelling. Helgoland
Marine Research 56:76-85.

Bergstrom P, Hallmark N, Larsson K-J, Lindegarth M (2019) Biodeposits from Mytilus edulis: a
potentially high-quality food source for the polychaete, Hediste diversicolor. Aquacult Int
27:89-104.

Beukema JJ (1982) Annual variation in reproductive success and biomass of the major
macrozoobenthic species living in a tidal flat area of the Wadden Sea. Netherlands Journal of
Sea Research 16:37-45.

Beukema JJ, Dekker R (2007) Variability in annual recruitment success as a determinant of long-
term and large-scale variation in annual production of intertidal Wadden Sea mussels (Mytilus
edulis). Helgoland Marine Research 61:71-86.

Bidle KD, Azam F (1999) Accelerated dissolution of diatom silica by marine bacterial assemblages.
Nature 397:508-512.

Blanco J, Zapata M, Morofio A (1996) Some aspects of the water flow through mussel rafts. Sci Mar
60:275-282.

Boucher G, Boucher-Rodoni R (1988) In situ measurement of respiratory metabolism and nitrogen
fluxes at the interface of oyster beds. Mar Ecol-Prog Ser 44:229-238.

Brigolin D, Dal Maschio G, Rampazzo F, Giani M, Pastres R (2009) An individual-based population
dynamic model for estimating biomass yield and nutrient fluxes through an off-shore mussel
(Mytilus galloprovincialis) farm. Estuar Coast Shelf S 82:365-376.

Brinkman AG (2013) Modelling the effects of seed mussel collectors on the western Dutch Wadden
Sea ecosystem. IMARES Wageningen UR.

van Broekhoven W, Jansen H, Verdegem M, Struyf E, Troost K, Lindeboom H, Smaal A (2015) Nutrient
regeneration from feces and pseudofeces of mussel Mytilus edulis spat. Marine Ecology
Progress Series 534:107-120.



Reference list | 177

van Broekhoven W, van Stralen MR, Troost K, Capelle JJ (2024) Transitioning from Wild Seed Fishery
to Seed Mussel Collectors (SMCs): Reviewing the Efficiency of Collectors for Seed Provisioning
in Mussel Bottom Culture. Aquacultural Engineering:102414.

van Broekhoven W, Troost K, Jansen H, Smaal A (2014) Nutrient regeneration by mussel Mytilus edulis
spat assemblages in a macrotidal system. J Sea Res 88:36-46.

Brouwer W, Haak W, van Maldegem A, Baarends-Schroevers M (2015a) Eindrapportage Innovatief
Oogsten van Mosselzaad. Technisch praktijkgericht onderzoek. HZ University of Applied
Sciences, Vlissingen, the Netherlands.

Brouwer W, Haak W, van Maldegem A, Oostrom AV, Baarends-Schroevers M (2015b) Eindrapportage
Ontwikkeling geautomatiseerd MZI systeem. Technisch en economisch onderzoek. HZ
University of Applied Sciences, Vlissingen, the Netherlands.

Brzezinski MA (1985) The Si:C:N ratio of marine diatoms: interspecific variability and the effect of
some environmental variables. J Phycol 21:347-357.

Burkholder JM, Shumway (2011) Bivalve shellfish aquaculture and eutrophication. In: Shellfish
aquaculture and the environment. Wiley-Blackwell, New York, p 155-215

Callier MD, Richard M, McKindsey CW, Archambault P, Desrosiers G (2009) Responses of benthic
macrofauna and biogeochemical fluxes to various levels of mussel biodeposition: an in situ
“benthocosm” experiment. Mar Pollut Bull 58:1544-1553.

Callier MD, Weise AM, McKindsey CW, Desrosiers G (2006) Sedimentation rates in a suspended
mussel farm (Great-Entry Lagoon, Canada): biodeposit production and dispersion. Mar Ecol-
Prog Ser 322:129-141.

Canfield DE, Kristensen E, Thamdrup B (2005) Aquatic Geomicrobiology. Academic Press, San Diego, CA.

Capelle J (2023) Invang van mosselzaad in MZIs : Resultaten 2022. Wageningen Marine Research,
Yerseke.

Capelle JJ (2017) Production efficiency of mussel bottom culture. Wageningen University,
Wageningen, the Netherlands

Capelle JJ, Hartog E, van den Bogaart L, Jansen HM, Wijsman JWM (2021) Adaptation of gill-palp ratio
by mussels after transplantation to culture plots with different seston conditions. Aquaculture
541:736794.

Capelle JJ, Wijsman JWM, Van Stralen MR, Herman PMJ, Smaal AC (2016) Effect of seeding density on
biomass production in mussel bottom culture. Journal of Sea Research 110:8-15.

Carlsson MS, Glud RN, Petersen JK (2010) Degradation of mussel (Mytilus edulis) fecal pellets released
from hanging long-lines upon sinking and after settling at the sediment. Can J Fish Aquat Sci
67:1376-1387.

Cayer D, MacNeil M, Bagnall AG (1999) Tunicate fouling in Nova Scotia aquaculture: a new
development. Journal of Shellfish Research 18.

Christensen HT, Dolmer P, Hansen BW, Holmer M, Kristensen L, Poulsen LK, Stenberg C, Albertsen
CM, Stettrup J (2015) Aggregation and attachment responses of blue mussels, Mytilus edulis—
impact of substrate composition, time scale and source of mussel seed. Aquaculture 435:245-
251.



178 | Reference list

Christensen PB, Glud RN, Dalsgaard T, Gillespie P (2003) Impacts of longline mussel farming on
oxygen and nitrogen dynamics and biological communities of coastal sediments. Aquaculture
218:567-588.

Christiansen T, Christensen TJ, Markrager S, Petersen JK, Mouritsen LT (2006) Limfjorden in 100 year
(in Danish). DMU.

Cloern JE (2001) Our evolving conceptual model of the coastal eutrophication problem. Mar Ecol-
Prog Ser 210:223-253.

Collins KJ, Williams PJLB (1977) An automated photochemical method for the determination of
dissolved organic carbon in sea and estuarine waters. Mar Chem 5:123-141.

Comeau LA, Guyondet T, Drolet D, Sonier R, Clements JC, Tremblay R, Filgueira R (2023) Revisiting
ecological carrying capacity indices for bivalve culture. Aquaculture 577:739911.

Coughlan J (1969) Estimation of filtering rate from clearance of suspensions. Mar Biol 2:356-.

Craeymeersch JA, Poiesz S, Van Asch M, Capelle JJ, Troost K (in prep) Draagkracht van de
Oosterschelde en westelijke Waddenzee voor schelpdieren. Evaluatie van veranderingen in de
voedselcondities en schelpdierbestanden in relatie tot de mosselkweek vanaf 1990: update
2016-2021. Wageningen Marine Research.

Cranford P (2019) Magnitude and Extent of Water Clarification Services Provided by Bivalve
Suspension Feeding. In: Goods and Services of Marine Bivalves. Springer International Publishing,
Cham

Cranford PJ, Duarte P, Robinson SMC, Fernandez-Reiriz MJ, Labarta U (2014) Suspended particulate
matter depletion and flow modification inside mussel (Mytilus galloprovincialis) culture rafts in
the Ria de Betanzos, Spain. J Exp Mar Biol Ecol 452:70-81.

Cranford PJ, Li W, Strand @, Strohmeier T (2008) Phytoplankton depletion by mussel aquaculture:
high resolution mapping, ecosystem modeling and potential indicators of ecological carrying
capacity. ICES, Kopenhagen, Denmark.

Cranford PJ, Strain PM, Dowd M, Hargrave BT, Grant J, Archambault M (2007) Influence of mussel
aquaculture on nitrogen dynamics in a nutrient enriched coastal embayment. Mar Ecol-Prog
Ser 347:61-78.

Cranford PJ, Ward JE, Shumway SE (2011) Bivalve filter feeding: variability and limits of the
aquaculture biofilter. In: Shellfish aquaculture and the environment. Shumway SE (ed) Wiley-
Blackwell, Chichester, p 81-124

Dabrowski T, Lyons K, Curé M, Berry A, Nolan G (2013) Numerical modelling of spatio-temporal
variability of growth of Mytilus edulis (L) and influence of its cultivation on ecosystem
functioning. J Sea Res 76:5-21.

Dame R, Dankers N, Prins T, Jongsma H, Smaal A (1991) The influence of mussel beds on nutrients in
the Western Wadden Sea and Eastern Scheldt estuaries. Estuaries 14:130-138.

Dame R, Prins T (1998) Bivalve carrying capacity in coastal ecosystems. Aquat Ecol 31:409-421.

Dame RF (2012) Ecology of marine bivalves An ecosystem approach, 2nd ed. CRC Press, Boka Raton.

Dame RF (1996) Ecology of Marine Bivalves: An Ecosystem Approach. CRC Press, Boca Raton.



Reference list | 179

Dame RF, Spurrier JD, Wolaver TG (1989) Carbon, Nitrogen and Phosphorus Processing by an Oyster
Reef. Mar Ecol-Prog Ser 54:249-256.

Daniel A, Laés-Huon A, Barus C, Beaton AD, Blandfort D, Guigues N, Knockaert M, Munaron D, Salter
|, Woodward EMS, Greenwood N, Achterberg EP (2020) Toward a Harmonization for Using in situ
Nutrient Sensors in the Marine Environment. Front Mar Sci 6:773.

Dankers N, Koelemaij K (1989) Variations in the mussel population of the Dutch Wadden Sea in
relation to monitoring of other ecological parameters. Helgoldnder Meeresuntersuchungen
43:529-535.

Danovaro R (1998) Do bacteria compete with phytoplankton for inorganic nutrients? Possible
ecological implications. Chem Ecol 14:83-96.

DeMaster DJ (1981) The supply and accumulation of silica in the marine environment. Geochim
Cosmochim Ac 45:1715-1732.

Dortch Q (1990) The interaction between ammonium and nitrate uptake in phytoplankton. Mar
Ecol-Prog Ser 61:183-201.

Dowd M (2005) A bio-physical coastal ecosystem model for assessing environmental effects of
marine bivalve aquaculture. Ecol Model 183:323-346.

Drapeau A, Comeau LA, Landry T, Stryhn H, Davidson J (2006) Association between longline design
and mussel productivity in Prince Edward Island, Canada. Aquaculture 261:879-889.

Eaton AD, Clesceri LS, Rice EW, Greenberg AE (1999) Standard methods for the examination of water
and wastewater, 20th ed. Port City Press, Baltimore, MD.

Erga SR (1989) The importance of external physical controls on vertical distribution of phytoplankton
and primary production in fjords of western Norway. Dr Scint, University of Bergen, Bergen,
Norway

Fabiano M, Danovaro R, Olivari E, Misic C (1994) Decomposition of fecal matter and somatic tissue
of Mytilus galloprovincialis: changes in organic matter composition and microbial succession.
Mar Biol 119:375-384.

Falkowski PG (2000) Rationalizing elemental ratios in unicellular algae. J Phycol 36:3-6.

FAO (2013) Global Aquaculture Production

FAO (2022) The State of World Fisheries and Aquaculture 2022. Towards Blue Transformation. FAO.

Ferreira JG, Hawkins AJS, Monteiro P, Service M, Moore H, Edwards A, Gowen R, Lourenco P, Mellor
A, Nunes JP, Pascoe PL, Ramos L, Sequeira A, Simas T, Strong J (2007) SMILE - Sustainable
Mariculture in northern Irish Louch Ecosystems.

Ferreira JG, Saurel C, Lencart e Silva JD, Nunes JP, Vazquez F (2014) Modelling of interactions between
inshore and offshore aquaculture. Aquaculture 426-427:154-164.

Figueiras FG, Labarta U, Fernandez Reiriz MJ (2002) Coastal upwelling, primary production and
mussel growth in the Rias Baixas of Galicia. Hydrobiologia 484:121-131.

Filgueira R, Grant J (2009) A Box Model for Ecosystem-Level Management of Mussel Culture Carrying
Capacity in a Coastal Bay. Ecosystems 12:1222-1233.

Filgueira R, Strohmeier T, Strand @ (2019) Regulating Services of Bivalve Molluscs in the Context of
the Carbon Cycle and Implications for Ecosystem Valuation. In: Goods and Services of Marine



180 | Reference list

Bivalves. Smaal AC, Ferreira JG, Grant J, Petersen JK, Strand @ (eds) Springer International
Publishing, Cham, p 231-251

Foster-Smith RL (1975) The effect of concentration of suspension on the filtration rates and
pseudofaecal production for Mytilus edulis L., Cerastoderma edule (L.) and Venerupis pullastra
(Montagu). J Exp Mar Biol Ecol 17:1-22.

Frankignoulle M, Abril G, Borges A, Bourge |, Canon C, Delille B, Libert E, Théate J-M (1998) Carbon
Dioxide Emission from European Estuaries. Science 282:434-436.

Fréchette M (2012) Self-thinning, biodeposit production, and organic matter input to the bottom in
mussel suspension culture. J Sea Res 67:10-20.

Fréchette M, Aitken A, Page L (1992) Interdependence of food and space limitation of a benthic
suspension feeder: consequences for self-thinning relationships. Mar Ecol Prog Ser 83:55-62.

Fréchette M, Lachance-Bernard M, Daigle G (2010) Body size, population density and factors
regulating suspension-cultured blue mussel ( Mytilus spp.) populations. Aquat Living Resour
23:247-254.

Fuentes J, GregorioV, Giraldez R, Molares J (2000) Within-raft variability of the growth rate of mussels,
Mytilus galloprovincialis, cultivated in the Ri'a de Arousa (NW Spain). Aquaculture 189:39-52.

Fuentes J, Molares J (1994) Settlement of the mussel Mytilus galloprovincialis on collectors
suspended from rafts in the Ria de Arousa (NW of Spain): annual pattern and spatial variability.
Aquaculture 122:55-62.

Fuentes J, Molares J, Villalba A (1998) Growth, mortality and parasitization of mussels cultivated in
the R1a de Arousa ZNW Spain/ from two sources of seed: intertidal rocky shore vs. collector
ropes.

Fuentes-Santos |, Labarta U (2015) Spatial patterns of larval settlement and early post-settlement
survivorship of Mytilus galloprovincialis in a Galician Ria (NW Spain). Effect on recruitment
success. Regional Studies in Marine Science 2:1-10.

Fuhrman JA, Horrigan SG, Capone DG (1988) Use of "N as tracer for bacterial and algal uptake of
ammonium from seawater. Mar Ecol-Prog Ser 45:271-278.

Gibbs MT (2009) Implementation barriers to establishing a sustainable coastal aquaculture sector.
Mar Pol 33:83-89.

Giles H (2006) Dispersal and remineralisation of biodeposits: Ecosystem impacts of mussel
aquaculture. PhD, University of Waikato, Hamilton, New Zealand

Giles H, Pilditch CA (2006) Effects of mussel (Perna canaliculus) biodeposit decomposition on benthic
respiration and nutrient fluxes. Mar Biol 150:261-271.

Giles H, Pilditch CA, Bell DG (2006) Sedimentation from mussel (Perna canaliculus) culture in the
Firth of Thames, New Zealand: Impacts on sediment oxygen and nutrient fluxes. Aquaculture
261:125-140.

GnyubkinVF (2010) The circadian rhythms of valve movements in the mussel Mytilus galloprovincialis.
Russ J Mar Biol 36:419-428.

Goldman JC, Caron DA, Dennett MR (1987) Regulation of gross growth efficiency and ammonium
regeneration in bacteria by substrate C:N ratio. Limnol Oceanogr 32:1239-1252.



Reference list | 181

Goldman JC, McCarthy JJ, Peavey DG (1979) Growth rate influence on the chemical composition of
phytoplankton in oceanic waters. Nature 279:210-215.

Gosling E (2003) Bivalve molluscs: biology, ecology and culture, reprint 2004. Wiley-Blackwell,
Hoboken, NJ.

Gowing MM, Silver MW (1983) Origins and microenvironments of bacteria mediating fecal pellet
decomposition in the sea. Mar Biol 73:7-16.

Grant J, Bacher C (2001) A numerical model of flow modification induced by suspended aquaculture
in a Chinese bay. Can J Fish Aquat Sci 58:1003-1011.

Grant J, Filgueira R (2011) The Application of Dynamic Modeling to Prediction of Production Carrying
Capacity in Shellfish Farming. In: Shellfish Aquaculture and the Environment. p 135-154

Guifiez R (2005) A review on self-thinning in mussels. Rev biol mar oceanogr 40.

Harris JM (1993) The presence, nature, and role of gut microflora in aquatic invertebrates: a synthesis.
Microb Ecol 25:195-231.

Hartig F (2022) _DHARMa: Residual Diagnostics for Hierarchical (Multi-Level / Mixed) Regression
Models_.

Hatcher A, Grant J, Schofield B (1994) Effects of suspended mussel culture (Mytilus spp) on
sedimentation, benthic respiration and sediment nutrient dynamics in a coastal bay. Mar Ecol-
Prog Ser 115:219-235.

Hatcher A, Grant J, Schofield B (1997) Seasonal changes in the metabolism of cultured mussels
(Mytilus edulis I.) from a Nova Scotian inlet: the effects of winter ice cover and nutritive stress.
Journal of Experimental Marine Biology and Ecology 217:63-78.

Hawkins AJS, Bayne BL (1992) Physiological interrelations, and the regulation of production. In: The
mussel Mytilus: ecology, physiology, genetics and culture. Elsevier, Amsterdam, the Netherlands,
p171-212

Hawkins AJS, Bayne BL (1985) Seasonal varation in the relative utilization of carbon and nitrogen
by the mussel Mytilus edulis - budgets, conversion efficiencies and maintenance requirements.
Mar Ecol-Prog Ser 25:181-188.

Heasman KG, Pitcher GC, McQuaid CD, Hecht T (1998) Shellfish mariculture in the Benguela system:
Raft culture of Mytilus galloprovincialis and the effect of rope spacing on food extraction, growth
rate, production, and condition of mussels. J Shellfish Res 17:33-39.

van der Heide T, Tielens E, van der Zee E, Weerman EJ, Holthuijsen S, Eriksson BK, Piersma T, van de
Koppel J, Olff H (2014) Predation and habitat modification synergistically interact to control
bivalve recruitment on intertidal mudflats. Biological Conservation 172:163-169.

Herman PMJ, Scholten H (1990) Can suspension - feeders stabilise estuarine ecosystems? DIHO,
Yerseke.

Hills A, Pouil S, Hua D, Mathews TJ (2020) Clearance rates of freshwater bivalves Corbicula fluminea
and Utterbackia imbecillis in the presence and absence of light. Aquatic Ecology 54:1059-1066.

Horrigan SG, Hagstrom A, Koike I, Azam F (1988) Inorganic nitrogen utilization by assemblages of
marine bacteria in seawater culture. Mar Ecol-Prog Ser 50:147-150.



182 | Reference list

Hulot V, Saulnier D, Lafabrie C, Gaertner-Mazouni N (2020) Shellfish culture: a complex driver of
planktonic communities. Reviews in Aquaculture 12:33-46.

lhnken S, Kromkamp JC (2011) Phytoplankton cells and particles in the Oosterschelde: functional
relationships to the underwater light climate and food availability for bivalves. NIOZ, Yerseke,
the Netherlands.

Inglis GJ, Hayden BJ, Ross AH (2000) An overview of factors affecting the carrying capacity of coastal
embayments for mussel culture. NIWA, Christchurch.

Jacobs P (2015) The impact of pelagic mussel collectors on plankton in the western Wadden Sea, the
Netherlands. Wageningen UR, Wageningen

Jacobs P, Troost K, Riegman R, van der Meer J (2015) Length- and weight-dependent clearance rates
of juvenile mussels (Mytilus edulis) on various planktonic prey items. Helgoland Mar Res 69:101-
112.

Jacobsen TR, Azam F (1984) Role of bacteria in copepod fecal pellet decomposition - colonization,
growth rates and mineralization. Bull Mar Sci 35:495-502.

Jansen H, Kamermans P, Glorius S, Van Asch M (2019) Draagkracht van de Oosterschelde en
westelijke Waddenzee voor schelpdieren: evaluatie van veranderingen in de voedselcondities
en schelpdierbestanden in relatie tot de mosselkweek in de periode 1990-2016. Wageningen
Marine Research, Yerseke.

Jansen H, Van Den Bogaart L, Hommersom A, Capelle J (2023) Spatio-temporal analysis of sediment
plumes formed by mussel fisheries and aquaculture in the western Wadden Sea. Aquacult
Environ Interact 15:145-159.

Jansen HM (2012) Bivalve nutrient cycling. Translocation, transformation and regeneration of
nutrients by suspended mussel communities in oligotrophic fjords. PhD thesis, Wageningen
University, Wageningen, the Netherlands

Jansen HM, Strand O, Strohmeier T, Krogness C, Verdegem M, Smaal A (2011) Seasonal variability in
nutrient regeneration by mussel Mytilus edulis rope culture in oligotrophic systems. Mar Ecol-
Prog Ser 431:137-149.

Jansen HM, Strand @, Verdegem M, Smaal A (2012a) Accumulation, release and turnover of nutrients
(C-N-P-Si) by the blue mussel Mytilus edulis under oligotrophic conditions. J Exp Mar Biol Ecol
416:185-196.

Jansen HM, Verdegem MCJ, Strand O, Smaal AC (2012b) Seasonal variation in mineralization rates
(C-N-P-Si) of mussel Mytilus edulis biodeposits. Mar Biol 159:1567-1580.

Jeffrey SW, Humphrey G (1975) New spectrophotometric equations for determining chlorophylls a1,
b1, c1 and c2 in higher plants, algae and natural phytoplankton. Biochem Physiol Pfl:191-194.

Jeffs AG, Holland RC, Shooker SH, Hayden BJ (1999) Overview and research on the Greenshell
mussel, Perna canaliculus, from New Zealand waters. Journal of Shellfish Research 18:347-360.

Jensen MH, Lomstein E, Serensen J (1990) Benthic NH4+ and NO3- flux following sedimentation
of a spring phytoplankton bloom in Aarhus Bight, Denmark. Marine Ecology Progress Series
61:87-96.



Reference list | 183

Jiang L, Gerkema T, Wijsman JWM, Soetaert K (2019) Comparing physical and biological impacts
on seston renewal in a tidal bay with extensive shellfish culture. Journal of Marine Systems
194:102-110.

Jodo M, Kawamoto K, Tochimoto M, Coverly SC (1992) Determination of nutrients in seawater by
segmented-flow analysis with higher analysis rate and reduced interference on ammonia. J
Autom Chem 14:163-167.

Kaiser M, Lain |, Utting S, Burnell G (1998) Environmental impacts of bivalve mariculture. Journal of
Shellfish Research 17:59-66.

Kamermans P, Blankendaal M, Perdon J (2009) Predation of shore crabs (Carcinus maenas (L.)) and
starfish (Asterias rubens L.) on blue mussel (Mytilus edulis L.) seed from wild sources and spat
collectors. Aquaculture 290:256-262.

Kamermans P, Brummelhuis E, Smaal A (2002) Use of spat collectors to enhance supply of seed for
bottom culture of blue mussels (Mytilus edulis) in the Netherlands. World Aquac 33:12-14.
Kamermans P, Brummelhuis EBM, van Gool ACM (2014a) MZI-mosselgewicht als indicator van

voedselomstandigheden. IMARES, Yerseke, the Netherlands.

Kamermans P, Capelle JJ (2019) Provisioning of Mussel Seed and Its Efficient Use in Culture. In: Goods
and Services of Marine Bivalves. Springer International Publishing

Kamermans P, Galley T, Boudry P, Fuentes J, McCombie H, Batista FM, Blanco A, Dominguez L,
Cornette F, Pincot L, Beaumont A (2013) Blue mussel hatchery technology in Europe. In:
Advances in Aquaculture Hatchery Technology. Elsevier, p 339-373

Kamermans P, Smit C, Wijsman J, Smaal A (2014b) Meerjarige effect- en productiemetingen aan
MZI's in de westelijke Waddenzee, Oosterschelde en Voordelta: samenvattend eindrapport.
IMARES Wageningen UR, [Jmuiden.

Kamermans P, Troost K, Cranford PJ (2010) Tussenrapportage Meerjarige effect-en productiemetingen
aan MZI's in de Westelijke Waddenzee, Oosterschelde en Voordelta 2010, Werkpakket 1
Draagkracht, Taak 1.3.1 Veldmetingen met Acrobat. IMARES, Yerseke.

Kaplan WA (1983) Nitrification. In: Nitrogen in the marine environment. Carpenter EJ, Capone DG (eds)
Academic Press, New York, NY, p 139-190

Kaspar HF, Gillespie PA, Boyer IC, Mackenzie AL (1985) Effects of mussel aquaculture on the nitrogen
cycle and benthic communities in Kenepuru Sound, Marlborough Sounds, New-Zealand. Mar
Biol 85:127-136.

Khalaman VV (2001) Fouling Communities of Mussel Aquaculture Installations in the White Sea.
Russian Journal of Marine Biology 27:227-237.

Kobak JA, Nowacki PA (2007) Light-related behaviour of the zebra mussel (Dreissena polymorpha,
Bivalvia). fal 169:341-352.

Kotlash AR, Chessman BC (1998) Effects of water sample preservation and storage on nitrogen and
phosphorus determinations: implications for the use of automated sampling equipment. Water
Res 32:3731-3737.



184 | Reference list

Kreeger D, Hawkins AJS, Bayne B, Lowe D (1995) Seasonal variation in the relative utilization of
dietary protein for energy and biosynthesis by the mussel Mytilus edulis. Marine Ecology
Progress Series 126:177-184.

Kromkamp J, Ihnken S (2012) Primaire productie en nutriénten in de Oosterschelde - update 2011
and long term changes in nutrients. Royal Netherlands Institute of Sea Research, Yerseke.

Kromkamp J, Ihnken S, Peene J, Vlaming J (2013) Primaire productie in de Oosterschelde - update
2012. Royal Netherlands Institute for Sea Research, Yerseke.

Kroon H (1993) Determination of nitrogen in water: comparison of a continuous-flow method with
on-line UV digestion with the original Kjeldahl method. Anal Chim Acta 276:287-293.

Kuenzler EJ (1961) Phosphorus budget of a mussel population. Limnology & Oceanography 6:400-
415.

Lachance-Bernard M, Daigle G, Himmelman JH, Fréchette M (2010) Biomass—density relationships
and self-thinning of blue mussels (Mytilus spp.) reared on self-regulated longlines. Aquaculture
308:34-43.

Laxmilatha P, Rao GS, Patnaik P, Rao TN, Rao MP, Dash B (2011) Potential for the hatchery production
of spat of the green mussel Perna viridis Linnaeus (1758). Aquaculture 312:88-94.

Leblanc AR, Landry T, Miron G (2003) Fouling organisms of the blue mussel Mytilus edulis: Their
effect on nutrient uptake and release. J Shellfish Res 22:633-638.

Lindahl O, Hart R, Hernroth B, Kollberg S, Loo L-O, Olrog L, Rehnstam-Holm A-S, Svensson J, Svensson
S, Syversen U (2005) Improving marine water quality by mussel farming. Ambio 34:131-138.

Lutz-Collins V, Quijon P, Davidson J (2009) Blue mussel fouling communities: polychaete composition
in relation to mussel stocking density and seasonality of mussel deployment and sampling.
Aquaculture Research 40:1789-1792.

Maar M, Nielsen TG, Petersen JK (2008) Depletion of plankton in a raft culture of Mytilus
galloprovincialis in Ria de Vigo, NW Spain. II. Zooplankton. Aquat Biol 4:127-141.

Maguire JA, Knights T, Burnell G, Crowe T, O’Beirn F, McGrath D, Ferns M, McDonough N, McQuaid
N, O’Connor B, Doyle R, Newell C, Seed R, Smaal A, O'Carroll T, Watson L, Dennis J, O'Cinneide
M (2007) Management recommendations for the sustainable exploitation of mussel in the Irish
Sea. Marine Institute, [S.L].

Mao Y, Lin F, Fang J, Fang J, Li J, Du M (2019) Bivalve Production in China. In: Goods and Services of
Marine Bivalves.

Marean CW, Bar-Matthews M, Bernatchez J, Fisher E, Goldberg P, Herries AIR, Jacobs Z, Jerardino
A, Karkanas P, Minichillo T, Nilssen PJ, Thompson E, Watts |, Williams HM (2007) Early human
use of marine resources and pigment in South Africa during the Middle Pleistocene. Nature
449:905-908.

Mazouni N, Gaertner JC, DeslousPaoli JM, Landrein S, dOedenberg MG (1996) Nutrient and oxygen
exchanges at the water-sediment interface in a shellfish farming lagoon (Thau, France). J Exp
Mar Biol Ecol 205:91-113.

McKindsey CW, Archambault P, Callier MD, Olivier F (2011) Influence of suspended and off-bottom
mussel culture on the sea bottom and benthic habitats: a review. Can J Zoolog 89:622-646.



Reference list | 185

McKindsey CW, Thetmeyer H, Landry T, Silvert W (2006) Review of recent carrying capacity models for
bivalve culture and recommendations for research and management. Aquaculture 261:451-462.

Meijer W (2010) Transitie mosselsector: plan van uitvoering convenant transitie mosselsector en
natuurherstel Waddenzee. Regiegroep Mosseltransitie, the Netherlands.

Mero FFC, Pedroso Fional, Apines-Amar MJS, Cadangin JF, Rendaje DC, Verde CS, Maquirang JRH,
Pifnosa LAG (2019) Influence of water management, photoperiod and aeration on growth,
survival, and early spat settlement of the hatchery-reared green mussel, Perna viridis. Int Aquat
Res 11:159-172.

Middelburg JJ, Nieuwenhuize J (2000) Uptake of dissolved inorganic nitrogen in turbid, tidal
estuaries. Mar Ecol-Prog Ser 192:79-88.

Miller D, Norkko A, Pilditch C (2002) Influence of diet on dispersal of horse mussel Atrina zelandica
biodeposits. Mar Ecol Prog Ser 242:153-167.

Mohlenberg F, Riisgard HU (1978) Efficiency of particle retention in 13 species of suspension feeding
bivalves. Ophelia 17:239-246.

Moller EF, Thor P, Nielsen TG (2003) Production of DOC by Calanus finmarchicus, C. glacialis and C.
hyperboreus through sloppy feeding and leakage from fecal pellets. Mar Ecol-Prog Ser 262:185-191.

Monteiro PMS, Spolander B, Brundrit GB (1998) Shellfish mariculture in the Benguela system:
Estimates of nitrogen-driven new production in Saldanha Bay using two physical models.
Journal of Shellfish Research 17:3-13.

Moschonas G, Gowen RJ, Paterson RF, Mitchell E, Stewart BM, McNeill S, Glibert PM, Davidson K
(2017) Nitrogen dynamics and phytoplankton community structure: the role of organic
nutrients. Biogeochemistry 134:125-145.

Navarro JM, Thompson RJ (1997) Biodeposition by the horse mussel Modiolus modiolus (Dillwyn)
during the spring diatom bloom. J Exp Mar Biol Ecol 209:1-13.

Nehls G, Hertzler |, Scheiffarth G (1997) Stable mussel Mytilus edulis beds in the Wadden Sea-They're
just for the birds. Helgoldander Meeresunters 51:361-372.

Newell RIE (2004) Ecosystem influences of natural and cultivated populations of suspension-feeding
bivalve molluscs: A review. J Shellfish Res 23:51-61.

Nielsen MV, Stromgren T (1985) The effect of light on the shell length growth and defaecation rate
of Mytilus edulis (L.). Aquaculture 47:205-211.

Nielsen P, Cranford P, Maar M, Petersen J (2016) Magnitude, spatial scale and optimization of
ecosystem services from a nutrient extraction mussel farm in the eutrophic Skive Fjord,
Denmark. Aquacult Environ Interact 8:311-329.

Nienhuis PH, Smaal AC (1994a) The Oosterschelde estuary, a case-study of a changing ecosystem -
an introduction. Hydrobiologia 283:1-14.

Nienhuis PH, Smaal AC (1994b) The Oosterschelde estuary, The Netherlands: a case-study of a
changing ecosystem. Kluwer, Dordrecht.

Nieuwenhuize J, Maas YEM, Middelburg JJ (1994) Rapid analysis of organic carbon and nitrogen in
particulate materials. Mar Chem 45:217-224.



186 | Reference list

Nixon SW (1995) Coastal marine eutrophication: A definition, social causes, and future concerns.
Ophelia 41:199-219.

Nixon SW (2013) Coastal marine eutrophication: A definition, social causes, and future concerns.
Ophelia 41:199-219.

Nixon SW, Ammerman JW, Atkinson LP, Berounsky VM, Billen G, Boicourt WC, Boynton WR, Church
TM, Ditoro DM, Elmgren R, Garber JH, Giblin AE, Jahnke RA, Owens NJP, Pilson MEQ, Seitzinger
SP (1996) The fate of nitrogen and phosphorus at the land-sea margin of the North Atlantic
Ocean. Biogeochemistry 35:141-180.

Nizzoli D, Welsh DT, Bartoli M, Viaroli P (2005) Impacts of mussel (Mytilus galloprovincialis) farming
on oxygen consumption and nutrient recycling in a eutrophic coastal lagoon. Hydrobiologia
550:183-198.

O’Donncha F, Hartnett M, Nash S (2013) Physical and numerical investigation of the hydrodynamic
implications of aquaculture farms. Aquacultural Engineering 52:14-26.

Paasche E (1980) Silicon. In: The physiological ecology of phytoplankton. Morris | (ed) Blackwell,
Oxford, p 259-284

Paasche E, Erga SR (1988) Phosphorus and nitrogen limitation of phytoplankton in the inner
Oslofjord (Norway). Sarsia 73:229-243.

Peteiro LG, Filgueira R, Labarta U, Fernandez-Reiriz MJ (2010) The role of fish predation on recruitment of
Mytilus galloprovincialis on different artificial mussel collectors. Aquacultural Engineering 42:25-30.

Petersen JK, Bougrier S, Smaal AC, Garen P, Robert S, Larsen JEN, Brummelhuis EBM (2004)
Intercalibration of mussel Mytilus edulis clearance rate measurements. Mar Ecol-Prog Ser
267:187-194.

Petersen JK, Hasler B, Timmermann K, Nielsen P, Terring DB, Larsen MM, Holmer M (2014) Mussels as
a tool for mitigation of nutrients in the marine environment. Mar Pollut Bull 82:137-143.

Petersen JK, Nielsen TG, van Duren L, Maar M (2008) Depletion of plankton in a raft culture of Mytilus
galloprovincialis in Ria de Vigo, NW Spain. I. Phytoplankton. Aquat Biol 4:113-125.

Philippart CJM, Beukema JJ, Cadée GC, Dekker R, Goedhart PW, Iperen JM, Leopold MF, Herman PJ
(2007) Impacts of nutrient reduction on coastal communities. Ecosystems 10:96-119.

Philippart CJM, Cadee GC, Raaphorst W van, Riegman R (2000) Long-Term Phytoplankton-Nutrient
Interactions in a Shallow Coastal Sea: Algal Community Structure, Nutrient Budgets, and
Denitrification Potential. Limnol Oceanogr 45:131-144.

Phillips NE (2004) Variable Timing of Larval Food Has Consequences for Early Juvenile Performance
in a Marine Mussel. Ecology 85:2341-2346.

Pifeiro-Corbeira C, Barrientos S, Olmedo M, Cremades J, Barreiro R (2018) By-catch in no-fed
aquaculture: exploiting mussel seed persistently and extensively disturbs the accompanying
assemblage. ICES Journal of Marine Science 75:2213-2223.

Poelman M, Kamermans P (no date) Inventarisatie MZI oogst 2009.

Poulsen LK, lversen MH (2008) Degradation of copepod fecal pellets: key role of protozooplankton.
Mar Ecol-Prog Ser 367:1-13.



Reference list | 187

Poulsen LK, Moldrup M, Berge T, Hansen PJ (2011) Feeding on copepod fecal pellets: a new trophic
role of dinoflagellates as detritivores. Mar Ecol-Prog Ser 441:65-78.

Poussel E, Mermet JM, Samuel O (1993) Simple experiments for the control, the evaluation and the
diagnosis of inductively coupled plasma sequential systems. Spectrochim Acta B 48:743-755.

Prins T, Smaal A, Dame R (1998) A review of the feedbacks between bivalve grazing and ecosystem
processes. Aquat Ecol 31:349-359.

Prins TC, Dankers N, Smaal AC (1994) Seasonal variation in the filtration rates of a semi-natural
mussel bed in relation to seston composition 1. J Exp Mar Biol Ecol 176:69-86.

Prins TC, Desmit X, Baretta-Bekker JG (2012) Phytoplankton composition in Dutch coastal waters
responds to changes in riverine nutrient loads. J Sea Res 73:49-62.

Prins TC, Escaravage V, Smaal AC, Peeters JCH (1995) Nutrient cycling and phytoplankton dynamics
in relation to mussel grazing in a mesocosm experiment. Ophelia 41:289-315.

Prins TC, Smaal A (1990) Benthic-pelagic coupling: the release of inorganic nutrients by an intertidal
bed of Mytilus edulis. In: Trophic relationships in marine environments. Proceedings of the 24th
European Marine Biology Symposium. Barnes M, Gibson RN (eds) Aberdeen University Press,
Aberdeen, p 14

Prins TC, Smaal AC (1994) The role of the blue mussel Mytilus edulis in the cycling of nutrients in the
Oosterschelde estuary (the Netherlands). Hydrobiologia 282-283:413-429.

Prins TC, Smaal AC, Pouwer AJ, Dankers N (1996) Filtration and resuspension of particulate matter
and phytoplankton on an intertidal mussel bed in the Oosterschelde estuary (SW Netherlands).
Mar Ecol-Prog Ser 142:121-134.

Ragueneau O, Chauvaud L, Leynaert A, Thouzeau G, Paulet Y-M, Bonnet S, Lorrain A, Grall J, Corvaisier
R, Hir ML, Jean F, Clavier J (2002) Direct evidence of a biologically active coastal silicate pump:
ecological implications. Limnol Oceanogr 47:1849-1854.

Redfield AC (1934) On the proportions of organic derivations in sea water and their relation to the
composition of plankton. In: James Johnstone Memorial Volume. Daniel RJ (ed) University Press
of Liverpool, Liverpool, p 176-192

Redfield AC, Ketchum BH, Richards FA (1963) The influence of organisms on the composition of
seawater. Wiley-Interscience, New York.

Richard M, Archambault P, Thouzeau G, Desrosiers G (2006) Influence of suspended mussel lines on
the biogeochemical fluxes in adjacent water in the fles-de-la-Madeleine (Quebec, Canada). Can
J Fish Aquat Sci 63:1198-1213.

Richard M, Archambault P, Thouzeau G, Desrosiers G (2007a) Summer influence of 1 and 2 yr old
mussel cultures on benthic fluxes in Grande-Entrée lagoon, iles-de-la-Madeleine (Quebec,
Canada). Mar Ecol-Prog Ser 338:131-143.

Richard M, Archambault P, Thouzeau G, McKindsey CW, Desrosiers G (2007b) Influence of suspended
scallop cages and mussel lines on pelagic and benthic biogeochemical fluxes in Havre-aux-
Maisons Lagoon, Iles-de-la-Madeleine (Quebec, Canada). Can J Fish Aquat Sci 64:1491-1505.

Riisgard HU (2004) Intercalibration of methods for measurement of bivalve filtration rates - a turning
point. Mar Ecol-Prog Ser 276:307-308.



188 | Reference list

Riisgard HU (2001) On measurement of filtration rates in bivalves - the stony road to reliable data:
review and interpretation. Mar Ecol-Prog Ser 211:275-291.

Robson AA, Garcia De Leaniz C, Wilson RP, Halsey LG (2010) Effect of anthropogenic feeding regimes
on activity rhythms of laboratory mussels exposed to natural light. Hydrobiologia 655:197-204.

Seetre R (2007) The Norwegian coastal current-oceanography and climate. Tapir Academid Press,
Trondheim, Norway.

Saxby SA (2002) A review of food availability, sea water characteristics and bivalve growth
performance at coastal culture sites in temperate and warm temperate regions of the world.
Department of Fisheries, Government of Western Australia, North Beach, Australia.

Schliter L, Josefsen S (1994) Annual variation in condition, respiration and remineralisation of
Mytilus edulis L. in the Sound, Denmark. Helgoland Mar Res 48:419-430.

Segvi¢-Bubi¢ T, Grubisi¢ L, Karaman N, Ti¢ina V, Jelavi¢ KM, Katavi¢ | (2011) Damages on mussel farms
potentially caused by fish predation—Self service on the ropes? Aquaculture 319:497-504.

Shumway SE (2011) Shellfish aquaculture and the environment. Wiley-Blackwell.

Smaal A, van Stralen M, Schuiling E (2001) The interaction between shellfish culture and ecosystem
processes. Can J Fish Aquat Sci 58:991-1002.

Smaal AC (2002) European mussel cultivation along the Atlantic coast: production status, problems
and perspectives. Hydrobiologia 484:89-98.

Smaal AC, Boeije RC (1991a) Veilig getij, de effecten van de waterbouwkundige werken op het
getijdemilieu van de Oosterschelde. DGW Directie Zeeland, Middelburg.

Smaal AC, Boeije RC (1991b) Veilig getij, de effecten van de waterbouwkundige werken op het
getijdemilieu van de Oosterschelde. DGW Directie Zeeland, Middelburg.

Smaal AC, Craeymeersch JA, Van Stralen MR (2021) The impact of mussel seed fishery on the
dynamics of wild subtidal mussel beds in the western Wadden Sea, The Netherlands. Journal of
Sea Research 167:101978.

Smaal AC, Ferreira JG, Grant J, Petersen JK, Strand @ (eds) (2019) Goods and Services of Marine
Bivalves. Springer International Publishing, Cham, Switzerland.

Smaal AC, Haas HA (1997) Seston dynamics and food availability on mussel and cockle beds. Estuar
Coast Shelf S 45:247-259.

Smaal AC, Heral M (1998) Modelling bivalve carrying capacity. Aquatic Ecology 31:1386-2588.

Smaal AC, Prins TC (1993) The uptake of organic matter and the release of inorganic nutrients
by bivalve suspension feeder beds. In: Bivalve filter feeders in estuarine and coastal ecosystem
processes. NATO ASI Series G, Dame RF (ed) Springer Verlag, Berlin, p 271-298

Smaal AC, Prins TC, Dankers N, Ball B (1997a) Minimum requirements for modelling bivalve carrying
capacity. Aquat Ecol 31:423-428.

Smaal AC, Schellekens T, van Stralen MR, Kromkamp JC (2013) Decrease of the carrying capacity
of the Oosterschelde estuary (SW Delta, NL) for bivalve filter feeders due to overgrazing?
Aquaculture 404-405:28-34.

Smaal AC, van Stralen MR (1990) Average annual growth and condition of mussels as a function of
food source. Hydrobiologia 195:179-188.



Reference list | 189

Smaal AC, Verbagen JHG, Coosen J, Haas HA (1986) Interaction between seston quantity and quality
and benthic suspension feeders in the Oosterschelde, the Netherlands. Ophelia 26:385-399.

Smaal AC, Vonck A (1997) Seasonal variation in C, N and P budgets and tissue composition of the
mussel Mytilus edulis. Mar Ecol-Prog Ser 153:167-179.

Smaal AC, Vonck A, Bakker M (1997b) Seasonal variation in physiological energetics of Mytilus edulis
and Cerastoderma edule of different size classes. J Mar Biol Assoc UK 77:817-838.

Souchu P, Vaquer A, Collos Y, Landrein S, Deslous-Paoli JM, Bibent B (2001) Influence of shellfish
farming activities on the biogeochemical composition of the water column in Thau lagoon. Mar
Ecol-Prog Ser 218:141-152.

South PM, Floerl O, Jeffs AG (2021) Immersion can trigger detachment of juvenile mussels.
Aquaculture 538:736548.

South PM, Floerl O, Jeffs AG (2020) Magnitude and timing of seed losses in mussel (Perna canaliculus)
aquaculture. Aquaculture 515.

Stief P, Poulsen M, Nielsen LP, Brix H, Schramm A (2009) Nitrous oxide emission by aquatic macrofauna.
Proc Natl Acad Sci U S A 106:4296-4300.

van Stralen M (2013) Resultaten 2012. MarinX, Scharendijke.

Strickland JDH, Parsons TR (1968) A practical handbook of seawater analysis. Fisheries Research
Board of Canada, Ottawa.

Strohmeier T, Aure J, Duinker A, Castberg T, Svardal A, Strand @ (2005) Flow reduction, seston
depletion, meat content and distribution of diarrhetic shellfish toxins in a long-line blue mussel
(Mytilus edulis) farm. J Shellfish Res 24:15-23.

Strohmeier T, Duinker A, Strand @, Aure J (2008) Temporal and spatial variation in food availability
and meat ratio in a longline mussel farm (Mytilus edulis). Aquaculture 276:83-90.

Strohmeier T, Strand @, Alunno-Bruscia M, Duinker A, Rosland R, Aure J, Erga S, Naustvoll L, Jansen
H, Cranford P (2015) Response of Mytilus edulis to enhanced phytoplankton availability by
controlled upwelling in an oligotrophic fjord. Mar Ecol Prog Ser 518:139-152.

Strohmeier T, Strand @, Cranford P (2009) Clearance rates of the great scallop (Pecten maximus) and
blue mussel (Mytilus edulis) at low natural seston concentrations. Mar Biol 156:1781-1795.
Stromgren T (1976) Length growth of Mytilus edulis (Bivalvia) in relation to phqtoperiod, irradiance,

and spectral distribution of light. Sarsia 61:31-40.

Struyf E, Van Damme S, Gribsholt B, Bal K, Beauchard O, Middelburg JJ, Meire P (2007) Phragmites
australis and silica cycling in tidal wetlands. Aquat Bot 87:134-140.

Stuart V, Newell RC, Lucas MI (1982) Conversion of kelp debris and fecal material from the mussel
Aulacomya ater by marine microorganisms. Mar Ecol-Prog Ser 7:47-57.

Sundby B, Gobeil C, Silverberg N, Alfonso M (1992) The phosphorus cycle in coastal marine
sediments. Limnol Oceanogr 37:1129-1145.

Svenningsen NB, Heisterkamp IM, Sigby-Clausen M, Larsen LH, Nielsen LP, Stief P, Schramm A (2012)
Shell biofilm nitrification and gut denitrification contribute to emission of nitrous oxide by
the invasive freshwater mussel Dreissena polymorpha (Zebra Mussel). Appl Environ Microb
78:4505-45009.



190 | Reference list

Tang Q, Zhang J, Fang J (2011) Shellfish and seaweed mariculture increase atmospheric CO2
absorption by coastal ecosystems. Mar Ecol Prog Ser 424:97-104.

Taylor D, Saurel C, Nielsen P, Petersen JK (2019) Production Characteristics and Optimization of
Mitigation Mussel Culture. Front Mar Sci 6:698.

Temminghoff EJM, Houba VJG (2004) Plant analysis procedures. Kluwer Academic, Dordrecht.

Tezuka Y (1990) Bacterial regeneration of ammonium and phosphate as affected by the carbon:
nitrogen: phosphorus ratio of organic substrates. Microb Ecol 19:227-238.

Tezuka Y (1989) The C:N:P ratio of Microcystis and Anabaena (blue-green algae) and its importance
for nutrient regeneration by aerobic decomposition. Jpn J Limnol 50:149-155.

Troost T (2013) Draagkracht voor MZI's in de Oosterschelde. Deltares, Delft, the Netherlands.

Trottet A, Roy S, Tamigneaux E, Lovejoy C, Tremblay R (2008) Influence of suspended mussel farming
on planktonic communities in Grande-Entree Lagoon, Magdalen Islands (Quebec, Canada).
Aquaculture 276:91-102.

Tsuchiya M (1980) Biodeposit production by the mussel Mytilus edulis L. on rocky shores. J Exp Mar
Biol Ecol 47:203-222.

Turner RE, Qureshi N, Rabalais NN, Dortch Q, Justic D, Shaw RF, Cope J (1998) Fluctuating
silicate:nitrate ratios and coastal plankton food webs. Proceedings of the National Academy of
Sciences 95:13048-13051.

Valderrama JC (1981) The simultaneous analysis of total nitrogen and total phosphorus in natural
waters. Mar Chem 10:109-122.

Van Cappellen P, Dixit S, van Beusekom JC (2002) Biogenicssilica dissolution in the oceans: reconciling
experimental and field-based dissolution rates. Global Biogeochem Cy 16:23-1-23-10.

Van Der Meer J, Dankers N, Ens BrunoJ, Van Stralen M, Troost K, Waser AM (2019) The Birth, Growth
and Death of Intertidal Soft-Sediment Bivalve Beds: No Need for Large-Scale Restoration
Programs in the Dutch Wadden Sea. Ecosystems 22:1024-1034.

Van Hoof L (2012) If you can’t beat them; joint problem solving in Dutch fisheries management.
Maritime Studies 11:12.

Van Oostenbrugge JAE, Steins NA, Mol A, Smith SR, Turenhout MNW (2018) Mosseltransitie en
natuurherstel : sociaal-economische draagkracht en ontwikkelingen Nederlandse mosselsector,
2008-2017. Wageningen Economic Research, Wageningen.

Van Stralen MR, Dijkema RD (1994) Mussel culture in a changing environment: the effects of a
coastal engineering project on mussel culture (Mytilus edulis L.) in the Oosterschelde estuary
(SW Netherlands). Hydrobiologia 282/283:359-379.

Vandevenne Fl, Bardo AL, Schoelynck J, Smis A, Ryken N, Van Damme S, Meire P, Struyf E (2013)
Grazers: biocatalysts of terrestrial silica cycling. P Roy Soc B-Biol Sci 280:2013.2083.

Varennes E, Hanssen SA, Bonardelli J, Guillemette M (2013) Sea duck predation in mussel farms: the
best nets for excluding common eiders safely and efficiently. Aquacult Environ Interact 4:31-39.

de Vooys CGN (1999) Numbers of larvae and primary plantigrades of the mussel Mytilus edulis in the
western Dutch Wadden Sea. Journal of Sea Research 41:189-201.



Reference list | 191

Walinga |, Kithome M, Novozamsky |, Houba VJG, van der Lee JJ (1992) Spectrophotometric
determination of organic carbon in soil. Commun Soil Sci Plan 23:1935-1944.

Walter RC, Buffler RT, Bruggemann JH, Guillaume MMM, Berhe SM, Negassi B, Libsekal Y, Cheng H,
Edwards RL, Von Cosel R, Néraudeau D, Gagnon M (2000) Early human occupation of the Red
Sea coast of Eritrea during the last interglacial. Nature 405:65-69.

Ward JE, Shumway SE (2004) Separating the grain from the chaff: particle selection in suspension-
and deposit-feeding bivalves. J Exp Mar Biol Ecol 300:83-130.

Wassmann P (2005) Cultural eutrophication: perspectives and prospects. In: Drainage basin inputs
and eutrophication: an integrated approach. University of Tromso, Tromso, Norway

Welsh DT, Castadelli G (2004) Bacterial nitrification activity directly associated with isolated benthic
marine animals. Mar Biol 144:1029-1037.

Widdows J, Bayne BL (1971) Temperature Acclimation of Mytilus Edulis With Reference to its Energy
Budget. Journal of the Marine Biological Association of the United Kingdom 51:827-843.

Wijsman JWM, Troost K, Fang J, Roncarati A (2019) Global Production of Marine Bivalves. Trends and
Challenges. In: Goods and Services of Marine Bivalves. Smaal AC, Ferreira JG, Grant J, Petersen JK,
Strand @ (eds) Springer International Publishing, Cham, p 7-26

Wikfors GH (201 1) Trophic interactions between phytoplankton and bivalve aquaculture. In: Shellfish
aquaculture and the environment. Shumway SE (ed) Wiley-Blackwell, Chichester, p 125-133

Wilson Van Voorhis CR, Morgan BL (2007) Understanding Power and Rules of Thumb for Determining
Sample Sizes. TQMP 3:43-50.

Wood SN (2011) Fast stable restricted maximum likelihood and marginal likelihood estimation of
semiparametric generalized linear models. Journal of the Royal Statistical Society: Series B
(Statistical Methodology) 73:3-36.

Zeldis J (2005) Magnitudes of natural and mussel farm-derived fluxes of carbon and nitrogen in the
Firth of Thames.

Zhong W, Lin J, Zou Q, Wen Y, Yang W, Yang G (2022) Hydrodynamic effects of large-scale suspended
mussel farms: Field observations and numerical simulations. Front Mar Sci 9:973155.

Zuniga D, Frojan M, Castro C. G, Alonso-Pérez F, Labarta U, Figueiras F. G, Fuentes-Santos |, Ferndndez-
Reiriz MJ (2013) Feedback between physiological activity of Mytilus galloprovincialis and
biogeochemistry of the water column. Mar Ecol-Prog Ser 476:101-114.

Zuur AF, leno EN, Elphick CS (2010) A protocol for data exploration to avoid common statistical
problems. Methods in Ecology and Evolution 1:3-14.



~

Dorine van Broekho

\\
|
|
|

n




Summary







Summary | 195

Summary

Bivalve molluscs have been consumed by humans for over 100,000 years. In the present
day, the vast majority of production is aquaculture based. Globally, farming of bivalves is
still heavily reliant on supply of seed from wild fisheries. These fisheries are increasingly
under pressure because of a growing concern about potential negative effects on the
natural environment and conservation goals. Seed collector systems consisting of artificial
substrate are successfully used in mussel aquaculture sectors such as the bouchot, raft
and longline cultures around the globe. In the blue mussel (Mytilus edulis) aquaculture
industry in the Netherlands, suspended seed collectors, known as Seed Mussel Collector
(SMC) systems, are gradually replacing wild seed fishery. This results in an elevated
biomass of mussels in the ecosystem during the summer growing season, spanning
from spatfall in spring to harvest and relaying to bottom culture plots in autumn. Since
mussel seed exhibit a proportionally high metabolic activity, the introduction of SMCs
has the potential to increase pressures on the ecosystem from the mussels’ filtration and
metabolic activity. Bivalve suspension feeders exercise top-down (filtration) and bottom-
up (nutrient regeneration) control over phytoplankton populations. When phytoplankton
becomes depleted, top-down filtration control can constitute a negative feedback
onto growth rates of the bivalves, thus reducing the carrying capacity of the system for
suspension feeding populations. On the other hand, bottom-up nutrient regeneration
processes can constitute a positive feedback when phytoplankton productivity is
stimulated and promotes growth rates of the bivalves. As the SMC culture cycle takes
place during summer, it coincides with the period when phytoplankton is nutrient limited.
Regenerated nutrients may therefore directly benefit primary production rates in the
system, potentially counteracting part of the top-down control on phytoplankton.

A quantitative understanding of nutrient cycling by mussel seed assemblages has been
lacking. Previous studies in relation to nutrient cycling by bivalve suspension feeders
investigated (adult) individual specimens in isolation, investigated a single direction of
control i.e. top-down or bottom-up, or investigated a single macronutrient. A few studies
have pointed to the significant role played by associated fauna, flora and organic matter
(AFFOM) on suspended bivalve culture assemblages in nutrient cycling. Appraising the
importance of community level interactions, the aim of this thesis was to investigate the
contribution of suspended mussel seed collector communities to nutrient cycling. This
was addressed via four objectives:

i) Quantify filtration and nutrient release by SMC communities;

i) Develop a multi-element (N,P,Si) nutrient budget for an SMC community;

iii) Measure farm scale depletion of seston and accumulation of nutrients under
macrotidal conditions;
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iv) Explore the top-down and bottom-up regulation of phytoplankton by mussel
seed, and evaluate its ecological relevance in the transition of wild seed fishery
to SMCs.

The thesis starts with a general introduction to the subject matter and the research aims
(Chapter 1). Chapter 2 then describes the transition to SMCs in the Dutch mussel sector,
and presents detailed harvest data from 2010 until 2022. These data were analysed to
investigate the efficiency of different systems, identify differences between years and
areas, and assess how production can be optimized. Additionally, numerical density,
biomass, and shell lengths of mussels from 0.375 mm shell length were recorded on
SMC ropes at one SMC location during a full growth season to evaluate biomass-density
relations and assess the process of self-thinning on the ropes. Total harvest of SMC
mussel seed increased over the period 2010-2022, from 8.0 x10° kg to 21.0 x10° kg fresh
weight. Harvest per unit substrate was remarkably stable over the years across sites, with
a lower mean in the Oosterschelde Bay (~2.56 kg m™) than in the Wadden Sea (~3.28 kg
m™). Ropes were found to provide a greater yield per unit area than nets, but nets are
less labor intensive to use. Occurrence of density-dependent growth on the ropes was
indicated by the allometric relation between mussel biomass and mussel density. A
positive relation between density and growth rate suggested that competition increased
with growth rate. In the growth data covering a full SMC season, we first observed a rapid
numerical increase as newly settled mussels continued to grow into the measured size
range. This was followed by a period of rapid numerical reduction and increasing biomass,
indicating self-thinning. The analysis shows that SMC seed is a robust and annually more
reliable alternative to wild capture fishery as a seed provisioning resource for mussel
culture. Production per unit substrate does not appear to be easily amenable to further
improvement. Production per unit area showed no indication of overstocking on the scale
of the SMC plots, suggesting that production gains could be made by increasing substrate
density.

The general introduction to the subject (Chapter 1) is complemented by an extensive
literature review exploring nutrient cycling mediation by cultured mussels (Chapter 3).The
review evaluates how cultured mussel stocks regulate nutrient dynamics for ecosystems
that vary in trophic state. It examines (i) the eco-physiological response of mussels, and
(i) the positive and negative feedback mechanisms between mussel stocks and the
surrounding ecosystem. It was found that despite differences in eco-physiological rates,
the proportion of nutrients regenerated was similar between (deep) nutrient-poor and
(shallow) nutrient-rich areas. Of the filtered nutrients, 40% to 50% is regenerated and thus
made available again for phytoplankton growth, and 10% to 50% of the filtered nutrients
is stored in tissue and could be removed from the system by harvest. The review shows
that due to the physical characteristics (volume, water residence time), estimated effects
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were stronger in shallow nutrient-rich areas with more intensive aquaculture activities,
especially in terms of the negative feedback mechanisms (filtration intensity), while the
effects were lower in nutrient-poor systems with lower mussel densities. The potential for
a positive feedback via nutrient regeneration is considered particularly relevant for SMCs
in the Netherlands because of their specificity to the summer, when phytoplankton can
be nutrient limited.

Chapter 4 provides new data on nutrient uptake and release dynamics, and potential
implications for availability and stoichiometry of nutrients, for SMCs in the Netherlands.
Uptake and release rates were measured in situ on intact seed collector ropes and related
to development of ropes in terms of mussel biomass and AFFOM. There was a good fit
between uptake/release rates and mussel weight based on allometric scaling functions,
despite the occurrence of a substantial biomass of AFFOM on ropes. Per unit biomass,
nutrient release rates were much higher than reported in other studies, and a link is made
to the greater activity of juvenile mussels. It is demonstrated that seed collectors can
affect relative availabilities of nitrogen, phosphorus and silicon.

Chapter 5 addresses the lack of quantitative information on mussel feces and pseudofeces
quality, and associated nutrient regeneration rates. In this chapter nutrient regeneration
rates were determined during decomposition of feces and pseudofeces produced by
mussel seed. Apart from a trial in the nineties, this study is the first to present nutrient
regeneration dynamics of feces and pseudofeces separately. Dissolved inorganic nitrogen
and phosphate regeneration continued at stable rates for approximately three weeks,
after which 13.1% and 12.4% of the available nitrogen and 8.7% and 7.9% of the available
phosphorus had been regenerated from feces and pseudofeces, respectively. Rates of
silicate regeneration declined continuously, which is attributed to its accumulation in the
experimental setup. Overall dissolved inorganic nitrogen regeneration rates were similar
between feces and pseudofeces, but depletion of ammonia was initially more rapid for
pseudofeces due to stronger nitrification. Phosphate and silicate regeneration rates were
1.1 and 1.4 times greater from feces than pseudofeces, respectively.

Chapters 4 and 5 quantified how suspension-feeding bivalves, specifically mussel seed,
can filter large quantities of particulate matter from the water column, while at the same
time returning inorganic nutrients to the environment. However, in situ observations
of these effects are scarce. Chapter 6 presents a field study aiming to identify whether
reduction of seston and enhanced nutrient concentrations in the water column could be
demonstrated for suspended mussel farms in a highly dynamic bay. Two complementary
field campaigns were carried out at three SMCs and one suspended grow-out mussel
farm in the Oosterschelde bay: (i) a discrete sampling approach limited in spatio-temporal
resolution investigating a range of parameters (TPM, Chl g, particle concentration, POC,



198 | Summary

PON, DIN, DIP), (ii) a towed glider approach investigating TPM and Chl a concentrations
at high resolution. Reduction of seston concentrations (up to 65%, POC) and increase of
overall macronutrient concentrations (up to 208%, DIN) were observed. Large variability
between farms and parameters reflected potential hydrodynamic effects such as water
intrusion due to body drag of the farms, and patchy water mass contents as indicated
by the towed glider measurements. This led to a few cases where reversed trends were
apparent. This study is one of the first to simultaneously show both top-down control and
bottom-up feedback processes in situ for suspended bivalve cultures.

In the final chapter (Chapter 7) the findings from the previous chapters are synthesised
to construct a (cumulative) nutrient budget over the summer growing season. This allows
an assessment of the magnitude of impact of suspended mussel seed collectors on
nutrient cycling in the host ecosystem. By the end of the SMC growing season, 31% of
nitrogen and 11% of phosphorus uptake by the SMC assemblage had been sequestered
in mussel seed biomass. Approximately three quarters of this was harvested at the end
of the season, while the remaining quarter was lost with mussels detaching from the
SMC over the course of the growing season. The remaining mussels were harvested
along with the AFFOM, together representing 31% of the total nitrogen and 14% of the
total phosphorus uptake. The fraction of regenerated nutrients relative to their uptake
varied strongly between the elements. Approximately one third of the nitrogen, half of
the phosphorus, and all of the silicate was regenerated and thus made available again
for primary producers. The pathways contributing to regeneration also varied between
the elements. Excretion by the mussel seed community (Chapter 4) was the dominant
regeneration pathway for nitrogen (accounting for 86% of total nitrogen regenerated)
and phosphorus (92%), but silicon regeneration occurred primarily through biodeposit
decomposition (98%; Chapter 5).

Subsequently, building on new and existing indicators, the (potential) level of ecological
influence exerted by SMCs is evaluated by a set of approaches: (i) sink and sources
evaluation, (ii) nutrient stoichiometry, (iii) nutrient turnover times, and (iv) fertilisation
potential. This was done at the level of the Oosterschelde bay as a whole as well as
separate compartments within the bay. The Slaak gully is thereby specifically reported on
given that most pronounced effects are expected due to local hydrodynamic conditions.
The evaluation is followed by a comparison with adult mussels in the system. But first,
evidence for the occurrence of nutrient limitation, and relevance of local phytoplankton
production for filter feeders, during the SMC growing season were established. A
comparison of ambient nutrient ratios with Redfield’s and Brzezinski’s ratios, and an
evaluation of Monod-scaled nutrient concentrations, both pointed to a nitrogen limitation
of phytoplankton. In addition, in the mouth and the bay as a whole, there was evidence of
silicon limitation - relevant for diatoms - during the first half of the SMC growing season.
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Clearance Ratio and Grazing Ratios reported previously implied a dependence of filter
feeders on local primary production. Furthermore, a high phytoplankton demand for
nutrients combined with water residence times in the order of weeks to months implied
a recirculation of regenerated nutrients via primary producers back to the filter feeding
populations during the SMC growing season.

Having established the relevance of nutrient regeneration by SMCs for local primary
production and a probable feedback to filter feeders in the system, the role of SMCs as
sink versus source of nutrients is analysed. Over the SMC growing season and including
remineralisation of biodeposits after harvest, the SMC represented a sink for ~70% of
all nitrogen taken in, and a source for the other ~30%. For phosphorus, the SMC acted
as a sink for ~50%, and a source for ~50%. The SMCs were considered to acted as a
source for 100% of silicon. This is followed by an investigation of the influence of SMCs
on relative nutrient availability (stoichiometry). The ambient N:P ratio of 5.6 was lower
than Redfield’s ratio of 16, and SMCs did not change this situation since the N:P ratio
of regenerated nutrients was also lower at 7.0. The ambient N:Si ratio was 1.0, close to
the 1.1 ratio of nutrients regenerated during the SMC growing season. However, when
considering post-harvest release of silicon from accumulated biodeposits, a relative
surplus of silicon was returned (N:Si ratio 0.2). Therefore on the whole, considering the
nutrient requirements of phytoplankton, the nutrients returned by the SMCs were lacking
in nitrogen. Subsequently, a comparison of nutrient turnover time and water residence
time for the Slaak gully and mouth compartments as well as the entire Oosterschelde bay,
shows how the influence of SMCs differs between nutrients and system compartments. In
the enclosed Slaak gully, SMCs mediated nutrient cycling within the local compartment
for almost the entire duration of the growing season. For the mouth and the basin as a
whole, this was only the case for nitrogen, at the end of the growing season. Finally, the
proportion of nutrient uptake by phytoplankton that is provided by SMCs is quantified. The
newly established indicator on the fertilisation potential was most significant for nitrogen,
reaching approximately an order of magnitude higher levels than for phosphorus and
silicon. Values were highest in the mouth of the Oosterschelde bay. Here, nitrogen was
most limiting at the end of the SMC growing season, and at the time of harvest >30%
of the phytoplankton primary production requirement was contributed by SMCs. In the
Slaak gully, this was ~25%, and in the bay as a whole ~10% was reached. For context, a
comparison to adult mussels shows that SMC mussels are able to match, and exceed by
an order of magnitude, the activity of the adult mussels in the Oosterschelde bay during
the SMC growing season.

This thesis sheds a light on the implications for nutrient cycling of the juvenile mussel
community that forms on suspended substrates every summer as a result of the transition
from wild capture seed fishery to SMCs. This rapidly growing mussel cohort together with
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its AFFOM was not present traditionally in the Oosterschelde bay when wild seed was
imported from the Wadden Sea. In this thesis, filtration and nutrient release rates by SMC
communities were quantified and combined into a nutrient budget, and the effects were
observed insitu at the farm scale. These data were used to evaluate the ecological relevance
of the nutrient cycling pathways via which the SMCs interact with their environment. It is
concluded that SMCs are able to exercise significant top-down and bottom-up control
on phytoplankton at local, and potentially bay wide scale. SMCs in the Oosterschelde
Bay provide a substantial positive feedback to primary producers, which is particularly
relevant for nitrogen given the shortage of this nutrient during the SMC growing season.
Disregarding this effect when assessing environmental impacts of SMCs may substantially
overestimate the impact on carrying capacity for filter feeding populations in the system.
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