Chapter 10

Nutrient Extraction Through Bivalves
Jens Kjerulf Petersen, Marianne Holmer, Mette Termansen, and Berit Hasler

Abstract Ecosystem services provided by marine bivalves in relation to nutrient
extraction from the coastal environment have gained increased attention to mitigate
adverse effects of excess nutrient loading from human activities, such as agriculture
and sewage discharge. These activities damage coastal ecosystems and require
action from local, regional, and national environmental management. Marine
bivalves filter particles like phytoplankton, thereby transforming particulate organic
matter into bivalve tissue or larger faecal pellets that are transferred to the benthos.
Nutrient extraction from the coastal environment takes place through two different
pathways: (i) harvest/removal of the bivalves – thereby returning nutrients back to
land; or (ii) through increased denitrification in proximity to dense bivalve aggregations, leading to loss of nitrogen to the atmosphere. Active use of marine bivalves
for nutrient extraction may include a number of secondary effects on the ecosystem,
such as filtration of particulate material. This leads to partial transformation of
particulate-
bound nutrients into dissolved nutrients via bivalve excretion or
enhanced mineralization of faecal material. In this chapter, concepts in relation to
nutrient extraction by bivalves are presented and discussed in relation to nutrient
cycling and additional effects of enhancing bivalve communities. In addition, meth-
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ods to valorise nutrient extraction by bivalves are evaluated. Examples of calculations of the value of nutrient extraction by bivalves are presented.
Abstract in Chinese 摘要:农业和污水排放等人类活动造成的水体富营养化
现象已经严重威胁到近海生态系统健康状况,亟需采取有效的环境管理策略
进行应对,在这样的背景下,海水双壳类在移除营养物质方面的生态服务功能
(受到了越来越多的关注。海水双壳贝类可以通过滤食行为将颗粒有机物转
化成软体组织或较易沉淀的较大的粪便颗粒。近岸海域中营养物质的移除包
括两种途径:i)收获/移除养殖的双壳贝类,由此将营养盐返回到陆地;或者
ii)高密度养殖的双壳贝类能够增强氮的反硝化作用,使水体中的氮释放到大
气中。但是,需要指出的是,双壳贝类在发挥净水作用的同时也会产生一系列
相关的次生效应,如贝类通过摄食、排泄、粪便的矿化作用等将营养物质由
颗粒态转化为溶解态。在本章,我们将介绍并讨论双壳贝类移除营养物质的
过程和机制,包括营养盐的循环过程和大量贝类聚集时产生的附加效应。另
外,我们评估了双壳贝类净水能力的价值和效率,并给出了贝类净化海域环境
的价值计算实例。.
Keywords Mitigation · Bivalve farming · Denitrification · Nutrient cycling ·
Economic valuation · Abatement policies
关键词 缓解作用 · 双壳贝类养殖 · 脱氮作用 · 营养物质循环 ·
经济评估 · 减排政策

10.1 Introduction
Excess loading of nutrients is one the largest concerns for the marine environment
worldwide (Cloern 2001; Duarte et al. 2009). In the coastal zone, nitrogen loading
from human activities within contributing watersheds and atmospheric deposition
have prompted regulators, managers, and the political system to set standards for
water quality and enforce legislation to prevent further deterioration of the marine
environment. On a larger scale, examples include the legislative actions enforced by
the European Union, e.g. the Nitrate Directive (Anon. 1991), the Water Framework
Directive (Anon. 2000) and the Marine Strategy Framework Directive (Anon. 2008)
that all aim to reduce nutrient loading – in particular nitrogen – to the marine environment as a means to improve water quality. Traditional measures utilized to
reduce nutrient loading to the marine environment are land based. These are directed
either towards point sources like sewage treatment plants, or diffuse emissions
mainly from cultivated land. Abatement measures for diffuse sources comprise a
long list; including restrictions in fertilization, restriction in the periods where fertilization is allowed, requirements for catch crops and winter green fields, wetland
restoration and wetland reconstruction, afforestation, and fallowing of intensively
cultivated fields. With increasing marginal costs for implementing traditional land-
based abatement measures (Hasler et al. 2012), it is appealing to look for alternatives, such as mitigation measures in the recipient water bodies. Strategies less
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costly than traditional abatement measures are attractive in coastal zones where
population densities are low. Finally, internal loading from sediments in areas that
have been affected by decades of excess nutrient loading is a problem for water
quality that can only be dealt with by marine mitigation measures.
In this context, nutrient extraction services provided by bivalves become interesting. Through their filtering of water, bivalves remove a proportion of the phytoplankton that in large concentrations otherwise is part of the negative effects of
excess nutrient loading. By clearing the water column of particles, bivalves contribute to reductions in turbidity and concentrations of particulate organic nutrients, like
nitrogen and phosphorous (see e.g. Dame 2012 and references therein). The filtered
material is either not ingested and ejected as pseudo faeces or is ingested and
digested, then transformed into bivalve tissue or faecal material that settles in proximity of the bivalves. Nutrients in the ingested material that is transformed into
bivalve tissue are immobilized, hence temporarily not accessible for primary production. If the bivalves are removed from the water column, e.g. through harvest,
the nutrients are permanently made inaccessible. The material ejected as faeces or
pseudo faeces can enter nutrient cycles that may result in either permanent burial in
the sediment or removal through chemical processes; i.e. denitrification. Both processes will result in a nutrient extraction service provided by the bivalves that potentially can be used as a mitigation tool by managers seeking means of remediating
effects of excess nutrient loading to coastal ecosystems. This can be realized as

Fig. 10.1 Nutrient extraction services provided by bivalves. Blue mussels are used as examples
but other bivalves like oysters can also provide these nutrient extraction services
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either bivalve aquaculture or by promoting or restoring natural bivalve populations
(Fig. 10.1); e.g. oyster reefs or mussel beds.

10.2 Nutrient Extraction Through Bivalve Aquaculture
Nutrient extraction through mussel farming or other forms of bivalve aquaculture is
based on two simple principles: (1) By providing substrate for mussel or oyster
larvae to settle on or by other means of actively increasing recruitment, (e.g. deploying seed from hatcheries) resulting in new bivalve biomass being produced; and (2)
mass balance, i.e. the nutrients stored in bivalve tissue are extracted from the water
body where bivalves are produced at harvest. Irrespective of the efficiency of the
bivalves in transforming particle-bound nutrients into tissue, including the loss of
nutrients as dissolved nutrients from the bivalves as excretion (see e.g. Cranford
et al. 2007), there will be a net nutrient extraction at the water body scale when the
bivalves are harvested (e.g. Holmer et al. 2015; Guyondet et al. 2015).
Bivalve aquaculture for consumption is performed in many different ways, from
artisanal seeding of infauna clams to offshore mussel farming on specialized long-
line systems. Common for all types is that the main aim is to produce an optimal
product suited for human consumption. There is thus less focus on maximum biomass removal or nutrient extraction. However, as long as the culturing activity has
resulted in a new production of bivalves and the bivalves are harvested, it can be
assumed that nutrients have been removed from the system, or more precisely, have
been recycled back to land.
A special application of bivalve aquaculture is bivalve farming aimed at nutrient
extraction either as a mitigation tool in relation to general eutrophication, i.e. from
diffuse sources, or as a specialized tool in integrated multi trophic aquaculture
(IMTA) where bivalve farming is intended to remove particle bound nutrients lost
from fish farming (e.g. Chopin 2013). In bivalve farming for nutrient extraction,
excess amounts of nutrients in the coastal waters are considered as a resource to be
utilized as recycled back to land (Hart 2003; Petersen 2004; Møhlenberg 2007;
Lindahl and Kollberg 2009; Weber et al. 2010; Rose et al. 2014, Bricker et al. 2014,
Kellogg et al. 2014, Petersen et al. 2016). Nutrients in the marine environment – but
originating from land – are taken up by the bivalves as particles, preferably phytoplankton, and returned back to land after harvest. Bivalve farming for nutrient
extraction will thus immobilize nutrients lost to the aquatic environment, store them
in bivalve tissues, and to a lesser extent in shell (and byssus), and bring them back
to land when harvested. Back on land, the bivalves can be used for various purposes,
e.g. food, feed, or otherwise; and thus provide additional goods and services. This
concept has been termed mitigation, bioremediation, bio-extraction, bio harvesting,
agro-aqua recycling, or compensation aquaculture (Petersen et al. 2014); and the
whole process is based on a mass balance principle in the recipient water body.
Furthermore, there is not necessarily a direct link between the nutrient source and
the nutrient extraction process. In IMTA, bivalve farming is physically directed
toward marine point sources of nutrients, like aquaculture of fed cultivated animals
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i.e. fish and shrimps (Chopin 2013; Troell et al. 2009). It should be noted, however,
that bivalves only take up nutrients as particulate matter and will thus only be able
to directly use the nutrients emitted from a fish farm to a negligible extent.
Additionally, due to hydrodynamic constraints, cultured bivalves in IMTA farms
will have difficulties filtering major parts of the particulate waste material pool
released from fish farms (Cranford et al. 2013; Petersen et al. 2016). Hence, the
mitigation of nutrient release from a fish farm in IMTA also works on the mass balance principle, and not as a measure to remove nitrogen and phosphorous molecules
released from the fish farm (Cranford et al. 2013; Petersen et al. 2016).
Farming bivalves with the main aim of extracting nutrients from the aquatic environment is different in nature from most commercial bivalve farming, which is
mainly performed for human consumption (Farber et al. 2006) or a recent farming
practice aimed at providing seed for on-bottom culture of blue mussels (Capelle
2017). Commercial bivalve aquaculture aims for uniform size, high quality and
good appearance; where the product is very dependent on the market. Mitigation
bivalves are produced to remove as much nutrients as possible at the lowest costs in
order to be an efficient tool from a management point of view. The resulting product
may not necessarily, or entirely, be suited for human consumption due to its size,
heterogeneity, and appearance (Petersen et al. 2016). This has some implications for
farming practice, as it for several reasons (e.g. cost-effectiveness), may be preferable to harvest young and small bivalves rather than wait for commercial size:
1. Total bivalve biomass, rather than individual size and quality, matters for harvesting time. Bivalves grow fast in the early stages; relative biomass gain on the production unit will be greater in early stages after recruitment compared to later
stages when bivalves are approaching commercial size. Sometime after settling (or
deployment), space may become a limiting factor, and density (number of individuals per area settling material) will decrease (e.g. Lahance-Bernard et al. 2010).
Biomass may still increase as mussels can grow on top of each other and selfthinning will reduce density without affecting biomass. Ultimately, lack of space
or competition for food may become limiting for further biomass increase. In commercial mussel farming, this will result in the farmer either thinning (on net structures) or socking (in long-line units), or losing a part of the crop due to self-thinning
as mussels become detached from the settling material (Lahance-Bernard et al.
2010). When the mussels become approximately 1 year old, new spat may start
settling on the culture unit; thereby further increasing competition for space. It is
thus important in mitigation farming to harvest at the time of maximum biomass.
2. An additional factor may influence harvested biomass: Biofouling. There are
many reports on fouling of aquaculture units (see e.g. Locke et al. 2009 and references herein) and the consequences for bivalve aquaculture production (see
e.g. Daigle and Herbinger 2009). If bivalve production is affected negatively by
fouling, it will affect biomass development and hence the mitigation effect. On
the other hand, if the production strategy is designed to promote early harvest,
levels of biofouling will be reduced in comparison to present commercial farming practices, due to shorter immersion times of the farm structure. Biofouling
may even increase nutrient capture and the subsequent removal when harvested.
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3. Total biomass per se is not, however, the only guiding parameter for optimization
of farming for nutrient extraction. Nutrient content of the biomass is also important, and different parts of the bivalves contain different amounts of nutrients; for
example, the shells of blue mussels have lower nutrient concentrations than blue
mussel tissue (Petersen et al. 2014). Tissue weight will fluctuate over the year,
resulting in varying total concentrations of nutrients, as tissue content of mussels
will depend on size, growth state, and gonadal cycle of the mussels (e.g. Dare
and Edwards 1975; Rodhouse et al. 1984). In general, relative tissue content is
highest in small, fast-growing bivalves (see e.g. Smaal and Vonck 1997). In addition, blue mussel byssus may add substantially to the total nutrient extraction of
blue mussel farming. In a recent experiment in Skive Fjord, Denmark, 12–19%
of the nitrogen removal through harvest was from blue mussel byssus (Petersen
et al. 2014). In relation to biofouling, nutrient content of the fouling organism
will also matter.
4. When bivalve farming is implemented primarily for nutrient extraction, resource
allocation for handling the aquaculture unit becomes important in relation to
yield in the form of nutrient build-up in the farmed bivalves. Resources include
labour, materials like buoys (for keeping the long-lines floating) or on-bottom
structures, and boat hours. Beyond a certain point, further investments in labour
and/or equipment will not result in increased biomass of bivalves; while preceding that point, the investment will not match the net gain in biomass. Factors
determining how long bivalves are to be maintained in the aquaculture unit,
rather than being harvested include: relative increase in biomass, tissue content
of the bivalves, and environmental conditions like potential ice coverage or
increased frequency of storms requiring additional efforts to maintain the
biomass.
There is little experimental validation on full scale of bivalve farming with the
purpose of nutrient extraction. To our knowledge, the only scientific validation
experiment on full production scale of mitigation aquaculture using blue mussels
has so far been performed in Skive Fjord, the Limfjorden Denmark (Petersen et al.
2014). Skive Fjord is a shallow estuary with a mean depth of 4.7 m, in the inner part
of the Limfjorden (Maar et al. 2010). In the Limfjorden, there are almost no tidal
currents and the water column varies between stratified and mixed conditions on a
time scale of days to weeks, controlled by differential advection, fresh water input,
heating and mixing (Maar et al. 2010; Wiles et al. 2006; Møhlenberg 1999). Skive
Fjord is highly nutrient-enriched, characterized by high chlorophyll a concentrations and high primary production throughout the year and seasonal hypoxia occurring in late summer (Møhlenberg 1999; Maar et al. 2010; Holmer et al. 2015).
Production of blue mussels (Mytilus edulis) in this trial took place on approx. 90 km
of settling material deployed in May 2010 on 90 long-lines in an approximately
19 ha aquaculture unit. During the production period – from deployment of settling
material in May 2010 to test harvest in October 2010 and March 2011 and final
harvest in May 2011 – there was no intermediate handling (e.g. socking or thinning)
of the settled mussels. The only handling of the aquaculture farm during the course
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of the production period was ordinary maintenance, in particular adding support
buoys (buoying up) as mussels grew. By May 2011, approximately 1100 t of fresh
mussels could be harvested corresponding to 16 t of N and 0.7 t of P. The efficiency
of the aquaculture unit corresponds to a removal of 0.6–0.9 t N ha−1 year−1 and
0.03–0.05 t P ha−1 year−1 (Petersen et al. 2014). This is more area-efficient in nutrient removal compared to most land based abatement measures, such as establishing
riparian wetlands or buffer strips, which is estimated to remove 0.1 and
0.04 t N ha−1 year−1, respectively (Petersen et al. 2014). Despite observed depletion
of phytoplankton both on the micro scale (close to the mussels) and on the farm
scale (Nielsen et al. 2016), there was no evidence of food limitation in the farm
(Fig. 10.2). Measurements of spatial variations in mussel biomass throughout the
year showed no significant differences in mussel biomass between farm sections as
well as between edges, and the centre of the mussel farm. Thus, reduced growth of
mussels positioned downstream was not observed in the mussel farm in Skive Fjord,
as observed/modelled in other mussel cultivation units (Heasman et al. 1998;
Fuentes et al. 2000; Strohmeier et al. 2005; Aure et al. 2007; Petersen et al. 2008a,
b; Strohmeier et al. 2008; Rosland et al. 2011). A food depletion model indicated
that total mussel filtration rates could be increased by 80–120% without exceeding
threshold for the necessary food supply to maintain growth (Nielsen et al. 2016);
exhibiting options for further improvement of area efficiency of the mussel production/nutrient extraction (e.g. by approximately doubling the standing stock of mussels within the farm area – if practically possible).
As the Baltic Sea can be considered highly nutrient enriched and suffering from
the negative effects of excess nutrient loading to the marine environment, it is logical that mitigation measures in the recipient water body have been considered in the
Baltic Sea (Stadmark and Conley 2011). In the Western Baltic Sea, trials using mussel production for nutrient extraction have been carried out in the municipality of
Lysekil, Sweden. In the period 2005–11, the municipality was allowed to purchase
ecosystem services in the form of nitrogen removal through blue mussel farming
from a mussel farmer producing for human consumption (Lindahl 2011). There is
no scientific documentation of production volumes and efficiency of the mitigation
measure during the trial period, and the trial was terminated before the trial period
had expired due to the mussel farmer’s financial problems (Kollberg, pers. comm.).
Fig. 10.2 Specific
measured mussel growth
rates (% day−1) (white
bars) and the
corresponding potential
maximal growth derived
from DEB modelling (grey
bars) calculated for
different timespans
between biomass sampling
dates (from Nielsen et al.
2016)
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The municipality achieved acceptance, in relation to the European Community
sewage directive, to exchange nitrogen removal in a sewage treatment plant with
nutrient removal through mussel production (Lindahl 2011). However, experiences
from the trial indicated that when nutrient extraction is tightly connected to mussel
production, primarily aiming at other purposes than nutrient extraction, and the payment of ecosystem services amounts to a minor part of the production costs, there is
a high risk of non-compliance with the set goals for nutrient extraction. In the
Central and Eastern Baltic, nutrient extraction through mussel production is challenged by low salinity, making production of blue mussels suboptimal (e.g. Maar
et al. 2015). According to Lindahl (2012), there have been a number of small trials
with blue mussel production from the Great Belt in the west (see also Riisgård et al.
2014) to the Åland archipelago in the east. The trials demonstrated that blue mussels
settle and can be grown to sizes leading to substantial biomass accumulation, but
growth rates are very low. In the BalticSea2020 project on mussel farming as an
environmental measure in the Baltic Sea (http://balticsea2020.org/english/), it was
shown that in the Åland archipelago, up to 14 kg of mussel ha−1 could be harvested
after 2–3 years; however, some trials resulted in less than 10% of this biomass, with
mussels of a maximum length of 25 mm. As mussels could be grown on nets up to
4 m in height it was estimated that there is a potential to produce up to 100–150 t
blue mussel ha−1 over a 2–3-year period corresponding to 1.2–1.8 t N ha−1 removal
(http://balticsea2020.org/english/). These numbers should probably be considered
with some care as they are extrapolated from a rather small test sample.
In the Baltic proper, an alternative option that has been proposed is to farm zebra
mussels, Dreissena polymorpha, for nutrient extraction. Zebra mussels are widely
distributed in the area, from freshwater to brackish and low saline areas, where they
can be present in relatively high abundances (Zaiko et al. 2011). The effects of filtration of zebra mussels in freshwater ecosystems are well documented (see e.g.
Fahnenstiel et al. 1995; Idrisi et al. 2001; Smith et al. 1998; Caraco et al. 2006;
Weber et al. 2010, Pires et al. 2010). From a more theoretical perspective, it has
been suggested to use farming of zebra mussels for nutrient extraction (e.g. Stybel
et al. 2009; Schernewski et al. 2012). Experiments with farming zebra mussels have
been launched in the Oder/Szczecin Lagoon on the border between Germany and
Poland and the Curonian Lagoon, Lithuania, but so far with limited data on efficiency (Lindahl 2012). When using zebra mussels for mitigation purposes, and
thereby actively taking steps that can result in further proliferation of the species,
precautions should be taken that the species is invasive and can cause severe changes
to ecosystems. As an invasive species, a large body of scientific literature has documented the changes that zebra mussels can cause in recipient ecosystems. The
financial costs preserved by using zebra mussels for mitigation purposes in relation
to eutrophication effects may be cancelled-out by increased control of the undesired
effects, in systems where they are invasive. The same principle would apply for
using the Pacific oyster (Crassostrea gigas) as a mitigation crop in areas, where it is
not native. Pacific oysters are today a commercial crop in many countries and one
of the largest global aquaculture crops, making a direct comparison with zebra mussels difficult. However, a number of countries still prohibit aquaculture of Pacific
oysters; and the damage Pacific oysters can cause in coastal ecosystems are well
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documented (e.g. Herbert et al. 2016). In areas where they are not endemic, the
spread of the Pacific oyster should thus in principle not be enhanced as a means to
harvest goods and services from bivalve aquaculture, for the same reasons that
apply to zebra mussels.
A special case of nutrient extraction is the potential use of blue mussel spat collectors in Dutch on-bottom culture. In Dutch on-bottom blue mussel production, the
mussel seed fishery will (as a consequence of a national compromise between NGOs,
industry and the government) gradually be replaced by spat collection on floating spat
collectors (Capelle 2017). Spat collection resembles production for nutrient extraction
as the primary purpose is to maximize viable mussel spat (i.e. biomass), rather than
selectivity for size and quality of the mussels. Thus, to a large degree, Dutch on-bottom culture can be considered as new production, especially in the Oosterschelde
where natural spat fall is limited (Capelle 2017). This method generally yields biomass production of 1.5–2.5 kg harvested mussel per kg seeded (Capelle 2017); as
such, there is in principle a net nutrient extraction also after a relay period on the bottom. However, in the first approximately 2 months after relay of the seeded mussels,
there is a loss of 60–69% of the seeded mussels coming from spat collectors (Capelle
et al. 2016). Some of the loss will result in increased nutrient regeneration; therefore,
the extraction effect of this aquaculture practice is debatable. If relative biomass production approaches 1, on-bottom culture becomes less relevant in a nutrient extraction
perspective, and its primary ecosystem service will be provisioning.

10.3 Nutrient Extraction Through Altered Nutrient Cycling
The basic principle of nutrient extraction provided by bivalves through altered nutrient cycling is that aggregations of bivalves (e.g. in bivalve beds or in/below aquaculture units) augmenting the capture of organic material. This mechanism leads to
altered biogeochemical processes and subsequently loss of nitrogen through
enhanced denitrification (Rose et al. 2014). This type of nutrient extraction can
further be pursued as goods and services; provided by artificially established or re-
established bivalve beds, e.g. oyster reefs (Kellogg et al. 2014) or by bivalve aquaculture (Humphries et al. 2016). Enhanced denitrification is of further interest if the
cultured bivalves, as recently demonstrated for Crassostrea virginica and
Crassostrea gigas, can contribute to denitrification themselves (Caffrey et al. 2016).

Chemical Reactions in the Sediment
Nitrification
NH 4 + + 2O2 ® NO3- + H 2 O + 2H
Denitrification
NO3- ® NO2 - ® NO ® N 2 O ® N 2
ANAMMOX
NH 4 + + NO2 - ® N 2 + H 2 O
Dissimilatory nitrate
NO3- ® NO2 - ® NH 4 +
reducation to ammonium
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Denitrification is a suboxic process. In shallow and often turbulent coastal ecosystems, denitrification is confined to a narrow zone in the surface sediments, typically from a few millimetres to a few centimetres below the sediment surface.
Denitrification requires nitrate as an electron acceptor, which is either produced
through nitrification, referred to as coupled nitrification-denitrification, or supplied
by diffusion from the water column into the sediments. Nitrification only occurs
under oxic conditions in the sediments, and rates of nitrification show large seasonal
variation controlled by water temperature, ammonium availability, and oxygen concentrations in the sediments. Under eutrophic conditions with high sediment oxygen consumption in the summer, nitrification may be inhibited; thereby diminishing
coupled nitrification-denitrification and leading to low rates of denitrification during
the summer. Rates of denitrification also exhibit large seasonal variation, but less
predictable, as high nitrate concentrations in the water column in the spring may
stimulate rates, independent of water temperature and nitrification rates. Both nitrification and denitrification rates typically increase concurrently with transfer of
organic matter to the sediments and linked remineralisation and ammonium availability; but only to a certain extent, when nitrification is inhibited due to low oxygen
availability in the sediments. In this case, dissimilatory nitrate reduction to ammonium (DNRA) becomes a dominant process, eventually resulting in an elevated
transfer of ammonium from the sediments to the water column. Nitrogen cycling in
organically enriched sediments (e.g. from sedimentation of biodeposits from bivalve
aggregates) may thus be very different from surrounding non-impacted sediments.
Organically enriched sediments can be either larger sinks of nitrogen through
enhanced denitrification, removing nitrogen from the marine area through N2 production, or larger sources of nitrogen to the water column by enhanced DNRA and
NH4+ production. Permanent nitrogen removal from the marine environment, as in
denitrification, also occurs in the anammox process, where N2 is formed in the sediments by bacteria using NH4+ and NO2−. Anammox is, however, most important for
nitrogen removal in oligotrophic systems, where it may contribute up to 80% of the
nitrogen removal compared to <20% in organic enriched systems (Dalsgaard et al.
2005); and has been found to play only a minor role in N2 removal in bivalve sediments (Minjead et al. 2009; Higgins et al. 2013).
Due to the increased availability of organic matter and ammonium in or below
bivalve aggregations, there is a potential for stimulated nitrification and denitrification. Studies with measurements of rates of nitrification and denitrification demonstrate variable response to bivalve aggregations, as rates can be reduced or enhanced
depending on bivalve species, sediment conditions, and environmental factors
(Table 10.1). Giles and Pilditch (2006) examined the effects of mussel (Perna canaliculus) aquaculture on sediment oxygen uptake and nutrient fluxes, and found
extensive seasonal variation with higher rates of nitrogen release from the sediments at the farm in spring and autumn, but lower during the summer compared to
a reference. They suggested that lower nitrogen efflux during the summer was due
to enhanced denitrification, reducing the efflux of dissolved inorganic nitrogen
compounds, but overall the farm sediments contributed to greater nutrient regeneration compared to the reference site. In this case, denitrification was probably
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Table 10.1 Effect on denitrification rates (μmol N2-N m−2 d−1) associated with bivalves from
natural reefs and aquaculture
Source

Bivalve

Bottom type

Denitrification enhancement
µmol N2-N m-2 d-1

Natural reef
Sisson et al. 2011
Piehler and Smyth 2011
Kellogg et al. 2013
Smyth et al. 2013
Smyth et al. 2015
Aquaculture
Holyoke 2008
Higgins et al. 2013
Testa et al. 2015
Mortazavi et al. 2015
Lindemann et al. 2016
Smyth et al. 2016
Murphy et al. 2016a
Carlsson et al. 2012
Nizzoli et al. 2006
Nizzoli et al. 2006

Oyster
Oyster
Oyster
Oyster
Oyster

Reef
Sediments
Reef
Sediments
Restored reef,
Sediments

124
13.5-95.8
199.2-1486.4
39.9-188.9
180

Oyster
Oyster
Oyster
Oyster
Oyster
Oyster
Hard clam
Mussel
Clam
Mussel

Sediments
Sediments
Sediments
Reef
Sediments
Sediments
Sediments
Sediments

-37.7-6.3
-58.9-82.8
-0.8
Ca. 25-100
357-2143
Ca. 100
-240-480
-29.0-41.7
20-80
-10-50

Rates were calculated as the difference between the bivalve site and the rate at the control site
(without bivalves) with positive values indicating enhancement and negative ones (in red) indicating reduction in net denitrification rate. Rates are either average of light and dark incubations or
only dark incubations and range is between minimum and maximum enhancement in the given
study (e.g. seasonal variation)

enhanced by the higher organic matter input to the sediments, but without compromising the nitrification rates. So, higher denitrification rates delivered intensified
nitrogen regeneration in the sediments. Similarly, studies of hard clams (Mercenaria
mercenaria) showed increased fluxes of ammonium and phosphate compared to
uncultivated sediments; denitrification rates were also enhanced, but only for parts
of the growth season (Table 10.1, Murphy et al. 2016b). In the same study, DNRA
was stimulated throughout the growth season and appeared to be the favoured nitrogen cycling process over denitrification, enhancing nitrogen flux to the water column. Welsh and Castadelli (2004) reported enhanced nitrification and coupled
nitrification-denitrification from several different bivalves, and suggested that animal-associated nitrogen cycling contributed significantly to nitrogen regeneration in
these systems. Furthermore, studies of the manila clam (Ruditapes philippinarum)
showed that the clams contributed 64–133% of the total rates of sediment oxygen
uptake, nitrogen regeneration, nitrification, and denitrification. This indicates that
clam biomass/density play a crucial role in nitrogen cycling in bivalve farming areas
(Welsh et al. 2015). Enhanced rates were due to metabolic activity of clams and
bacterial activity hosted on the clams. The clam sediments were significant sources
of both N2 and N2O gasses through enhanced nitrification and denitrification. Yet, as
N2O is a greenhouse gas, this contribution is important to consider in environmental
impact assessments of bivalve culturing.
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Special attention has been devoted to natural or re-established oyster reefs on the
North American east coast (see e.g. Kellogg et al. 2014; Smyth et al. 2015). In a
feature paper, Kellogg et al. (2013) estimated annual denitrification rates in restored
oyster reefs in the Choptank River, Chesapeake Bay, USA, resulting in removal of
approximately 0.5 t N ha−1 year−1 more than at control plots (Kellogg et al. 2013).
This corresponds to removal rates from mussel farming as described above. Besides
the uncertainty of measuring the effect of oyster reefs (see e.g. Hoellein and Zarnoch
2014; Smyth et al. 2015; Lindemann et al. 2016), there are some caveats in extrapolating this number to larger areas. The rates measured by Kellogg et al. (2013) are
in the high end of results when compared to other studies (see Kellogg et al. 2014),
and may not be entirely representative for all coastal areas. Further, denitrification
rates are variable between reefs/areas; there are large differences between seasons
making integration over entire years problematic, and there may also be differences
depending on methods (Kellogg et al. 2014; Humphries et al. 2016). The differences
between reefs may be explained by their position above or below the euphotic zone
(Newell et al. 2005), the actual physical structure of the reef, as well as bioturbation
and feeding activities of associated fauna in and around the reefs (e.g. Nizzoli et al.
2006; Smyth et al. 2016). It has generally been concluded that denitrification rates
are enhanced in natural or restored oyster reefs compared to rates in oyster aquaculture, probably due to inhibition of nitrification in the more anoxic aquaculture sediments (Higgins et al. 2013; Kellogg et al. 2014; Smyth et al. 2016). However, recent
studies have demonstrated comparable denitrification rates in both restored reefs
and oyster aquaculture (Humphries et al. 2016). By adding the apparent discrete
effect of oysters to denitrification rates (Caffrey et al. 2016), and to a much lesser
extent solely empty shells, bivalve mediated denitrification can be considered as an
important nutrient extraction service.

10.4 Additional Mitigation Benefits
Bivalve aggregations or bivalve aquaculture may not only facilitate nutrient extraction either through harvest of bivalves, or as enhanced nitrogen loss to the atmosphere, but may also mitigate effects of excess nutrient loading by filtering the water
column and thus removing phytoplankton. This is an important aspect of the ecosystem services provided by bivalves as phytoplankton concentrations directly or
indirectly serve as ecosystem health indicator, and high concentrations are seen as
an indication of adverse effects. For example, in the EU Water Framework Directive,
concentration of chlorophyll a is an intercalibrated indicator in the Baltic eco-
region, and high concentrations are also indirectly influencing the depth limit of
eelgrass, which is another indicator.
The effects of bivalve suspension feeding on water column phytoplankton concentrations were first described for South San Francisco Bay (Cloern 1982). Using
a simple model describing change in phytoplankton concentration, where dispersive
transport and zooplankton grazing balance growth rate, calculated concentrations of
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phytoplankton were much higher than actually observed concentrations in the bay
(ibid). By estimating the filtration capacity of benthic suspension-feeders, primarily
clams, it was shown that these had the capacity to clear the water column more than
once per day. It was further described that invasion of a non-indigenous clam in the
northern part of the bay resulted in persistently low levels of phytoplankton (Alpine
and Cloern 1992). Since then, a number of studies have demonstrated the impact of
grazing exerted by benthic bivalves on the overlaying water column, and on the
basin scale (e.g. Hily 1991; Møhlenberg 1995; Ackerman et al. 2001; Petersen et al.
2013). An illustrative example is from Ringkøbing Fjord, Denmark (Petersen et al.
2008a, b), where a small change in sluice practice allowed slightly more saline
water from the North Sea to enter the estuary, causing a small increase in salinity.
This allowed for massive recruitment of the clam Mya arenaria. With the invasion
of clams, benthic grazing became the key feature of the biological structure, causing
a sudden regime shift from a bottom-up controlled turbid state, into a top-down
controlled clear water state. Mean annual concentration in chlorophyll a dropped
concurrently and significantly from 52.3 μg l−1 in the period 1989–94 to 8.7 μg l−1
in 1997–2004 concomitant with the increase in benthic grazing capacity. In the
years around the change in sluice management, the change in mean annual concentration of chlorophyll a was especially evident, with a decrease from 64.6 μg l−1 in
1995 to 21.0 μg l−1 in 1996 and 7.6 μg l−1 in 1997. Phytoplankton composition and
zooplankton abundance were also affected by the change following the invasion of
clams.
The impact of clearance by large populations of bivalves on water column concentrations of phytoplankton/particulate matter at the basin scale will depend not
only on the size of the populations and their clearance capacity, but also on water
residence time in the basin. Bivalve top-down control of phytoplankton biomass can
be achieved when clearance time, i.e. time needed for the bivalve standing stock to
clear the entire water column, is shorter than residence time, or primary production
time, defined as rate of renewal of the phytoplankton biomass (Dame and Prins
1998). Experimentally it has been demonstrated that under well-mixed conditions,
a mussel standing stock with a potential clearance time of 20–35% d−1 of the entire
water volume is enough to control phytoplankton biomass under conditions where
primary production is not limited by nutrient concentrations (e.g. Cloern 1982;
Prins et al. 1995; Prins et al. 1998; Wang and Wang 2011). Similar conclusions can
be drawn from modelling exercises (e.g. Herman and Scholten 1990), indicating
that increasing nutrient loading under conditions with high suspension-feeding
pressure will only marginally change phytoplankton concentrations.
The clearance effects of suspended cultures of bivalves on water column concentrations of phytoplankton have also been documented in the scientific literature (see
e.g. Heasman et al. 1998; Cranford et al. 2008; Grant et al. 2008; Petersen et al.
2008a, b; Cranford et al. 2014; Nielsen et al. 2016). In Skive Fjord, where to date
the most extensive experiment with farming of mussels for mitigation purposes took
place, depletion of phytoplankton could be observed on all scales; from nearby the
mussel lines on the micro scale to farm scale (Nielsen et al. 2016). Farm-scale
depletion was detected and visualized based on intensive 3D spatial surveys of the
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distribution of Secchi depth, chlorophyll a and total suspended particulate matter
concentrations, both inside and outside the farmed area. Depletion of phytoplankton
concentrations within the farm was measured, with average depletion levels of
13–31%; while some areas exhibited >50% depletion. The depletion effects were
most pronounced within the farm. Additional model studies showed that summer
chlorophyll a concentrations were reduced by 30%, and Secchi depth (Fig. 10.3)
was improved by 16% relative to a reference situation without the mussel farm
(Nielsen et al. 2016). The environmental effects of mussel clearance were however
not only evident on the farm scale, but also on the basin scale. The area affected by
mussel clearance reached to the shoreline, thereby potentially increasing areas suitable for submerged vegetation (Petersen et al. 2016). Adding more mitigation farms
to the model would increase the effect on chlorophyll a concentration and light
attenuation in the Skive Fjord estuary (Timmermann pers. comm.). Thus, given sufficient capacity, farming of bivalves can act as a control mechanism for the effects
of nutrient enrichment, like increased phytoplankton biomass, as could the natural
population of clams in Ringkøbing Fjord. As such, a strategy for mitigating effects
of excess nutrient enrichment can be to establish extractive bivalve aquacultures,
especially in relation to internal loading and diffusive sources. In relation to production carrying capacity of mitigation aquacultures – i.e. where mussel productivity is
limited by a shortage of phytoplankton – it is not a major concern in mitigation
aquacultures in contrast to commercial mussel production. On the contrary, it can be
considered as the objective of mitigation mussel farming, as the aim of this type of
aquaculture is to remove nutrients and improve water transparency. If carrying
capacity on the basin scale becomes an issue, and the production volume decreases

Fig. 10.3 Secchi depth inside production unit in Skive Fjord compared to a control station during
a production period from May 2010 to May 2011
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and/or environmental parameters like water transparency improves, the purposes of
the mitigation farming have been realized, and mitigation aquaculture can be discontinued. In any case, heavily nutrient-enriched systems of interest in this context
will require extensive mitigation aquaculture in order to approach limitation of production carrying capacity (Petersen et al. 2016).

10.5 Nutrient Extraction and Nutrient Cycling
The basis of understanding nutrient cycling and potential nutrient extraction in relation to bivalve aggregations – either as aquaculture units or as dense beds/populations – is the trapping of suspended particles in the water column through
suspension-feeding, the partitioning of the trapped particles into bivalve tissue (and
shell), and as waste products, either dissolved through excretion or as particulate
matter as faecal pellets or pseudo faeces. Depending on water transport rate, water
depth, and potential resuspension, faecal material will be concentrated in or nearby
bivalve aggregations (Chamberlain et al. 2001; McKindsey et al. 2011). Excretion
from bivalves is a relatively fast process (compared to regeneration of particle waste
products), where particle bound nutrients captured by the bivalves are transformed
to dissolved nutrients (mainly ammonia), and thus easily accessible to primary production. Excretion from bivalves is in the order of 10% of the ingested material and
has been shown to account for up to 82% of the nitrogen regeneration in mussel
farming (Holmer et al. 2015). The turnover of nutrients from excretion is increased
compared to release from biodeposits, where decomposition has to take place before
nutrients become available in dissolved forms, leading to a slower turnover compared to direct excretion.
Solid waste products from bivalve aggregates will settle on the bottom below or
next to the bivalve aggregations. Nutrient regeneration in the surrounding sediments
are typically enhanced by the higher quantity (e.g. Hatcher et al. 1994; Grant et al.
1995) and higher quality (e.g. Carlsson et al. 2009) of organic material produced as
a result of bivalve digestion, compared to locations lacking larger bivalve populations. Rates of nutrient regeneration reflect the activity of the bivalves, with large
seasonal variations controlled by, for example, food availability, water temperatures, and environmental conditions. The regeneration of nitrogen is particularly
critical in coastal ecosystems as nitrogen loading from land is high, and are affected
by eutrophication with nitrogen as the most important limiting nutrient (Conley
et al. 2009; Carstensen et al. 2013; Murphy et al. 2016a). Potential enhanced nitrogen regeneration is thus important to take into account when evaluating the history
of coastal areas with major losses of bivalves (e.g. loss of oyster reefs, blue mussel
beds; Caffrey et al. 2016), when planning restoration projects (oyster reefs, blue
mussel beds; Kellogg et al. 2014, Smyth et al. 2016), or when applying bivalves for
mitigation purposes (Stadmark and Conley 2011; Petersen et al. 2012; Petersen
et al. 2014). On the other hand, bivalves have a high content of nitrogen in their tissues and shells due to their high protein content and when harvested, significant
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amounts of nitrogen are permanently removed from the marine environment
(Kellogg et al. 2013; Holmer et al. 2015; Petersen et al. 2014). Furthermore,
increased denitrification may contribute to a net removal of nitrogen from the ecosystem, particularly if the rates are stimulated during critical periods of the growth
season for primary production, such as during summer where nitrogen is the limiting nutrient of phytoplankton production. The general conclusions of the published
literature indicate that the regeneration of nitrogen is higher in bivalve aggregates
and the nearby surroundings compared to reference sites, and the aggregations/sediments should be considered as net contributors to nitrogen in the water column,
when summing up over a production/growth season. There are, however, several
important considerations to be taken into account. First, most studies with in situ
measurements of denitrification show that rates are enhanced in aggregations/sediments (e.g. Carlsson et al. 2012; Kellogg et al. 2013; Welsh et al. 2015), and the net
removal of nitrogen from the marine environment is thus more than just the harvest
of bivalves (Table 10.1). The area-specific denitrification rates are typically
enhanced, with 25–260% compared to reference conditions (Carlsson et al. 2012).
Kellogg et al. (2014) estimated that annual denitrification rates were enhanced from
2.7 to 55.6 g N m−2 year−1 in oyster reefs. These rates can be quite significant in
comparison to nitrogen loading from land – e.g. 1.4–60.1 g N m−2 year−1 on the East
coast of US (Carmichael et al. 2012) and 0.5–100 g N m−2 year−1 in Danish estuaries
(Timmermann pers. comm). Second, bivalve aggregations are concentrators of
organic matter (phytoplankton and seston) in the ecosystem, due to their filtering of
large volumes of water followed by sedimentation of organic matter in much smaller
area, thereby concentrating organic matter enrichment of the ecosystem to a limited
area. Biodeposits are heavy and sink to the sediment on the scale of minutes from
long-line cultures, and rapidly settle after resuspension events (e.g. Giles and
Pilditch 2006; Carlsson et al. 2012). High sedimentation rates thus confine organic
enrichment to the immediate vicinity of the aggregations. In contrast, due to
increased capture of particles in the bivalve culture, sedimentation will be reduced
outside the unit, i.e. on basin scale. The increased particle capture in the bivalve
culture will also lead to increased water transparency, promote light penetration and
hence reduce nutrient regeneration further afield from bivalve aggregations. This
may be beneficial towards the internal loading of marine areas, which is reduced if
thresholds of nitrification are not exceeded, allowing coupled nitrification-
denitrification to proceed, and remove nitrogen from the area through N2 production
(Carlsson et al. 2012) and similarly for the redox-sensitive release of phosphorus
(Holmer et al. 2003). Reduction in sedimentation outside bivalve aggregations can
be difficult to detect and cannot be deduced from differences in control vs. affected
sites in areas where bivalve aggregations are already present; it should be measured
before initiating bivalve production in an area. To our knowledge, only a few studies
have addressed the potential effects of bivalve aggregations on concentrating sedimentation in hot spots, and comparing these effects with overall basin scale sedimentation and nutrient regeneration outside the bivalve aggregations. Murphy et al.
(2016a) suggested that the net import of particles to support hard clam production
contributed to increased nitrogen regeneration in the study area. From a mass bal-
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ance point of view, sedimentation outside the aggregations must, however, be
reduced in comparison to a situation without bivalve aggregations. The local effect
will depend on a number of factors including water retention time in the specific
basin, organic content of the sediments, nutrient input to the basin, water depth, and
stratification. One important possible effect of reduced sedimentation, particularly
under eutrophic conditions, is minimizing the risk of oxygen depletion events.
Oxygen depletion, where the benthic fauna and flora die-off, generally results in
high internal nutrient loading. The release of inorganic nitrogen and phosphorous
from the sediments to the water column increases the risk of stimulating blooms of
phytoplankton or opportunistic macro algae, and initiating a negative feedback loop
maintaining high internal loading. By reducing the internal loading at the basin
scale, water quality improves, resulting in higher water transparency and growth of
benthic vegetation in deeper waters. Such a scenario can be considered a positive
feedback on the ecosystem, as benthic vegetation slows the regeneration of nutrients
to the water column, particularly during summer months with high productivity in
the vegetation. This eventually leads to longer periods of nutrient limitation of phytoplankton, and thus higher ecological quality of the specific area.
Mass balance calculations of the effects of bivalve aggregations on the basin
scale are available in the literature (e.g. Cranford et al. 2007; Brigolin et al. 2009;
Holmer et al. 2015; Guyondet et al. 2015). These calculations take into account both
nutrient removal through harvest and nutrient regeneration in the bivalve structures,
as well as the surrounding sediments, but without accounting for reduced sedimentation outside the bivalve aggregations. These studies indicate that natural bivalve
reefs and bivalve aquaculture contribute to a net nitrogen removal at the basin scale
through harvest and denitrification, despite increased nitrogen regeneration in the
water column and sediments (Holmer et al. 2015; Guyondet et al. 2015). The net
nitrogen removal capacity, however, varies between studies from negligible (e.g.
Cranford et al. 2007) to important (e.g. Guyondet et al. 2015; Holmer et al. 2015).
All studies consider the decrease in phytoplankton concentration as the most
important effect of bivalve aggregations on ecosystem processes at the basin scale.
These studies also highlight the effects of increased sedimentation and stimulated
nutrient regeneration in bivalve aggregations, for example, leading to a higher flux
of nitrogen to the water column and to the sediments (e.g. Murphy et al. 2016a).
Guyondet et al. (2015) observed that the intensive mussel farming in St Peter’s Bay
in Eastern Canada maintained phytoplankton biomass at levels corresponding to the
1980s, when aquaculture had not yet developed and nitrogen loading was half of the
present level. Basin scale sedimentation in St Peter’s Bay was reduced by 14%, and
it was concluded that cultivated mussels play an important role in remediating the
negative impacts of land-derived nutrient loading in this area, as the mussel farming
in St Peter’s Bay could counteract a doubling in nitrogen loading. Similarly, mussel
farming in the eutrophic Limfjorden, Denmark improved water quality and increased
light penetration, promoting the light conditions for benthic vegetation in the area
(Petersen et al. 2016). In this study, the uptake of nitrogen in the sediments was
stimulated, possibly due to high rates of denitrification, and thereby removing a
larger fraction of nitrogen from the fjord compared to the absence of mussel farm-
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ing. The farm thus contributed to water quality improvements by removal of organic
bound nitrogen in phytoplankton, as well as stimulating removal of inorganic nitrogen in the sediments (Holmer et al. 2015). Such recent studies suggest that mussel
farming under eutrophic conditions has broad potential for mitigation of excess load
of nutrients in marine areas; and increase in mussel farming may reduce effects of
eutrophication.
Understanding the overall effects of natural beds of bivalves and/or aquaculture
of bivalves on nitrogen cycling in the local environment can be complicated, as
multiple factors affect the cycling of nitrogen in the environment. Removal of nitrogen through harvest is relatively easy to measure and extrapolate from single long-
lines/bivalve aggregates to farms/reefs and farming areas, whereas the effects on
water quality and nutrient regeneration can be more difficult to document. The net
depositional flux of organic matter is a central parameter driving nutrient regeneration in the sediments, but it is difficult to measure in shallow waters due to methodological constraints and dynamic processes, such as resuspension and advection
affecting sedimentation on short and long-term time scales. Modelling is therefore
becoming ever more important in management of coastal waters (e.g. Cranford
et al. 2007; Guyondet et al. 2015). By using a model where sediment trap deployments were combined with a sediment flux model in an area with oysters (Crassostrea
virginica), Testa et al. (2015) demonstrated that resuspension and transport effectively removed oyster biodeposits from the studied farms, resulting in limited local
environmental impact as there was no long-term sediment accumulation near the
oysters, creating hot spots for nutrient recycling. Guyondet et al. (2015) applied a
coupled hydrodynamic-biogeochemical model in an area with mussel aquaculture
and found that mussel harvest extracts nitrogen resources equivalent to 42% of river
inputs and 46.5% of phytoplankton primary production. Based on the limited number of studies at the basin scale, and case studies of individual reefs and individual
farms, it is apparent that natural bivalve beds/reefs and/or culturing units of bivalves
act as net sinks of nitrogen at the basin scale, due to removal of nitrogen by harvest
of bivalve biomass as well as enhanced denitrification. Nonetheless, more mass balance and modelling studies are needed to account for the large spatial and seasonal
variation in rates of nitrogen cycling and processes affecting nitrogen cycling measured so far.

10.6 The Economic Value of Bivalve Nutrient Extraction
The economic value of a natural resource is reflected through the flow of services to
people, derived from the resource, and can be thought of as the interest on a natural
resource asset. We are now accustomed to call this interest ecosystem services.
While the economic interpretation is simple and intuitive, there are a number of
challenges in identifying the economic values, and important caveats related to the
existing valuation methods. There are primarily two types of ecosystem services
derived from bivalves: provisioning and regulating services. Provisioning services
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Fig. 10.4 Linking processes to services to economic values. The arrows are illustrative and not a
complete mapping of the interconnection between the different aspects

are the production value of the bivalves themselves for human consumption and
potentially for other purposes like a feed ingredient for fish, pigs, and poultry. These
are private goods, in an economic sense, and markets reflect the economic value of
the production. It is important to notice that these services are not entirely provided
by marine ecosystems, as labour and capital inputs are needed to convert the ecosystem processes to the final economic good. This means that the economic value of
the marine space for bivalve production needs to take into account the costs of the
inputs in production.
The other important marine ecosystem service that bivalve production provides
is the regulation of water quality associated with bivalve filtration of the water column, and the associated nutrient extraction and denitrification. The filtration effects
and the extraction of nutrients are not inherently an economic good, but an intermediate service that contributes to improved water quality and the associated increase
in human uses and enjoyment of the marine environment. Any economic valuation
of bivalve services should reflect the value of the final goods related to production
and water quality improvements (Fig. 10.4). Figure 10.4 illustrates that there is a
multitude of processes, services and values involved. While they are all interconnected, there is not a 1:1 relationship between the processes, the services, and the
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values. This implies that when economists seek to value a particular economic good,
they select methods to capture the values outlined in the third column of Fig. 10.2.
Due to the lack of 1:1 relationships, each study will not capture every economic
value aspects of marine ecosystem processes.
Valuation approaches that have frequently been used for marine ecosystem services are the stated-preference methods. Stated-preference methods are environmental valuation methods based on surveys. These surveys collect data on people’s
stated rankings of, or choices between, different hypothetical changes in the state of
the environment and payments for the change in the associated environmental quality. Such methods have been used to measure the value of clear water by coastal
recreationists and other users, but also the more intangible benefits of clear water on
biodiversity that do not necessarily depend on recreational use. Clear water also has
aesthetic value, which might influence the value from recreation. However, the use
of the sea for bivalve production might also be associated with disutility, as the area
will not be available for other purposes such as recreation and fisheries. This disutility has not yet, to the author’s knowledge, been studied and quantified. A number of
studies have attempted to estimate the use and non-use monetary values by estimating the willingness to pay for water clarity improvements. One example is Söderqvist
(1996, updated in Söderqvist and Hasselström 2008), who made such an attempt for
the Baltic Sea in the mid 1990’ies. Another is the more recent study of Ahtiainen
et al. (2014) who aimed to value achieving good ecological status in 2050 also in the
Baltic Sea. Most stated-preference valuation studies have focused on measuring the
improvement in clarity of the water or achievement of good ecological status.
Attributing these economic values to ecosystem processes, and ultimately production of bivalves, is challenging. Söderqvist’s (1996) study estimates the economic
value of a 50% reduction of the nutrient load to the Baltic Sea, which at that time
was the load reduction target to achieve good water quality. The study was updated
in 2008 (Gren 2008), and is in fact one of the few studies that estimate the value of
good water quality in terms of the value per kg N reduced. This value can in turn be
used as the value of 1 kg nitrogen assimilated and removed by bivalves, using the
measurements of the effect on nitrogen assimilation and denitrification by bivalves.
Using the contingent valuation method, Söderqvist (1996) estimated the willingness
to pay to be 12–24 € kg−1 N (reported in Gren 2008).
The Söderqvist (1996) study may no longer reflect the present use and non-use
value of clear water. Furthermore, the values may vary between locations due to the
differences in the number of people exposed and variation in their values and socio-
economic characteristics. However, this is only one of the reasons why the economic values of nitrogen reduction are not constant across space. In addition, it is
questionable if the biophysical relationships are applicable for all locations, as the
nitrogen reduction required to obtain clear water and good ecological status varies
between locations. As an example, the nitrogen reduction required to obtain good
ecological status in different parts of the Limfjorden (including Skive Fjord) in
Denmark varies by a factor 3. Furthermore, as the relationship between the response
in water quality and nitrogen reduction might not be linear, this adds further complexity to the valuation task. Overall, these observations imply that the value of
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reducing nitrogen in different marine ecosystems will likely vary to a substantial
degree. This is in sharp contrast to studies valuing reductions in CO2 emissions. For
carbon, it is valid to derive unit values of reductions independent of the location
where the emissions are reduced. However, the valuation task related to the two
types of emission also has similarities as people could still have different willingness to pay for the ecosystem service. In the context of CO2 emissions, this would
reflect the difference in peoples’ willingness to give up current consumption to
reduce the risk of climate change in the future.
An alternative and frequently used approach, when it is difficult to measure the
willingness to pay per kg emission reduced, is cost-based methods. One of these
approaches is the substitute cost method, which is based on measurements of the
alternative costs of achieving the ecosystem service by using other means, such as
reductions in agricultural nutrient loads. This method is appropriate under the
assumption that the cost-estimate of achieving an improvement in ecosystem service provision reflects the marginal costs of an optimal investment decision. If this
is the case, the cost estimate reflects the sum of the marginal individual willingness
to pay for the service. If it is reasonable to assume that the current ecological status
is lower than the societal optimal level, cost based estimates can be used as a conservative value estimate. Studies, such as Ahtiainen et al. (2014) support this
assumption, as the willingness to pay for clear water and reduced eutrophication up
to the level of good ecological status was higher than the costs of obtaining the
required nutrient loads in all countries around the Baltic Sea.
Objectives to achieve good ecological status in a coastal area represent a societal
level commitment to invest in improved water quality. If the gap between current
ecological status and good ecological status (as in the EU Water Framework
Directive) can be expressed as targets for nitrogen load reduction, marginal costs of
achieving load reductions through land based measures (e.g. agriculture) can be
used as estimates of the value of nitrogen extraction using bivalves. The implication
of this is that the value of bivalve nutrient extraction is a function of the nutrient load
targets and not a constant value. The higher the required nutrient load targets are to
achieve good ecological status, the higher the value of bivalve generated nutrient
extraction and improvement of water clarity will be. Such marginal value functions
have been estimated for the Baltic Sea (e.g. Hasler et al. 2014). They indicate a
marginal value of 24 € kg−1 N to obtain load reduction to the level required by
HELCOM’s international agreement on nutrient load reductions. This estimate is an
average estimate for all countries around the Baltic Sea. Studies at a much more
detailed level in the Limfjorden indicate lower marginal costs. Hasler et al. (2015)
estimated a cost of 12 EUR € kg−1 N. To estimate the value of nitrogen extraction
and removal by mussels, the production costs should be subtracted. The costs of
producing mussels for nitrogen mitigation in Skive fjord in Limfjorden is estimated
to be in the range 14–20 € kg−1 N (Petersen et al. 2014); i.e. the value of nitrogen
removal is negative. It is important to note, however, that in this example it is
assumed that a market for the produced mussels does not exist; neither for feed or
human consumption. Break-even is reached at a sales price of approximately 0,13 €
kg−1 mussel. Furthermore, the filtration effect can be included. In Petersen et al.
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(2014), the mussel clearance effect on Secchi depth has been calculated; including
this effect reduces the costs per kg nitrogen to 2 € kg−1 N. However, as pointed out
by Petersen et al. (2014), these estimates should not be included in cost-effectiveness
analysis of nitrogen removal, as these indirect effects do not remove nutrients from
the ecosystem.
Gren et al. (2009) also estimated marginal costs functions to assess the value of
nutrient extraction by mussel farms at the Baltic Sea drainage basin scale. When
Gren et al. (2009) subtract the costs of producing the mussels from the value, the
results suggest that the value of bivalve nitrogen extraction is still positive; varying
between 1.7 and 24.7 € kg−1 N. The range of values depends on the assumption
about production costs, whether a market exists for the harvested bivalves, and
whether the market is for human consumption or feed. For all scenarios, they assume
that 1 kg of live mussels contains between 8.5 and 12 g N, 0.6–0.8 g P and about
40–50 g C with reference to Lutz (1980) and Haamer (1996). In the scenario where
no market for the products exists, the value is estimated to be within a range of
0.02–0.11 € kg−1 live mussel, reflecting a value of nitrogen extraction between 1.7
and 2.4 € kg−1 N. When markets exist, the value range is between 0.12 and 0.21 €
kg−1 live mussel, reflecting values of nitrogen between 9.2 and 12.9 € kg−1 N. Gren
et al. (2009) also distinguishes between high and low production costs for the mussels: In the scenario where mussels are sold on a market, the range is estimated to
be between 10.0 and 14.1 € kg−1 N for high production costs, and between 17.5 and
24.7 € kg−1 N for low production costs. They further estimate the value for different
parts of the Baltic Sea leading to even larger variations in the value between regions,
attributed to differences in the nutrient load reduction targets that vary between sea
regions and the differences in the levels of the production costs between the sites.
This illustrates that variability in recipient sensitivity to nutrient load levels determines the value of bivalves as extraction aquaculture. Finally, spatial heterogeneity
in production costs between locations, due to differences in growth conditions and
differences in labour costs also play an important role in determining the economic
value of bivalve extraction. This is important, as labour costs constitute the largest
part of the production costs (Petersen et al. 2014; Gren et al. 2009).
Grabowski et al. (2012) estimate the value of ecosystem services provided by
another type of bivalves; oyster beds. As part of their study, they report the value of
denitrification in the oyster beds, and estimate the denitrification in the oyster beds
from literature. The value is estimated using substitute costs, based on the average
trading price per kilogram. The data from the trading programme have also been
used by Piehler and Smyth (2011) giving a value of 13€ kg−1 in the Nutrient Offset
Credit Program. These studies therefore also used the cost-based approach, but only
for the denitrification contribution of oysters, i.e. smaller proportion of the potential
for nitrogen extraction and removal by bivalves. They calculate the value of a number of ecosystem services delivered by bivalves, including the intermediate service,
nitrogen removal, and conclude that this is worth between $1385 and 6716 ha−1 year−1.
A major constraint in calculations of the economic value of nutrient extraction
through denitrification is that it is difficult to assess a precise amount of nitrogen
removed through the denitrification process. Pollack et al. (2013) have also used a
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Table 10.2 Summary of examples of studies valuing effects of bivalves

Study
Söderqvist (1996),
Söderqvist and
Hasselström (2008)
Gren et al. (2009)

Region
Baltic Sea

Piehler and Smyth
(2011)
Grabowski et al.
(2012)

North
Carolina
SE United
States

Baltic Sea

Method applied
Contingent valuation

Achieve good
ecological
status
Not specified

Substitute costs using
agricultural mitigation
costs
Emissions trading

1.7–24.7

Not specified

Substitute costs using
nitrogen emission
trading markets
Replacement costs

26,08
($1385–
6716 ha−1)
6.99

Substitute costs using
agricultural mitigation
costs

−8-20

Not specified
Mission-
Aransas
estuary, Texas
Petersen et al. (2014), Skive Fjord
Achieve good
Hasler et al. (2015)
Denmark
ecological
status
Pollack et al. (2013)

Value
estimated €
kg−1 N
12–14

Economic
good
Water clarity

13.0

cost based approach to estimate the alternative cost of removing nitrogen from the
Mission-Aransas Estuary in Texas using biological nitrogen removal processes in a
wastewater treatment plant. Unlike extraction through bivalve aquaculture, where
the extracted volume can be measured easily, nutrient extraction through denitrification requires measurements and modelling that can be subjected to debate about the
actual amount of nitrogen removed.
The overview of existing studies (see also Table 10.2) illustrates that primary
studies aiming at valorisation of nutrient extraction services by bivalves are rare. If
the ecosystem services provided by bivalves are to be used as an active mitigation
measure combatting excess nutrient loading to coastal waters, it is crucial that methods for valorisation and exact accounting of the overall services provided include
the effects of potential enhanced nutrient retention and nutrient recycling in the
ecosystem. Only then can these services be assessed in an unbiased, reliable, and
cost-effective way.

10.7 Outlook – The Role of Bivalves in Abatement Policies
The value of nutrient regulation by bivalves can be utilized in nutrient reduction
policies. This type of mitigation measure requires that bivalve producers be compensated for the direct costs involved in provision of this service, or paid the societal
value of improving water quality through nutrient removal. There are different
potential institutional set-ups for such compensations, dependent on the actors
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involved in payments for the services. The arrangement could transpire through
negotiations between the public body responsible for meeting nutrient load reductions and the bivalve/mussel producers; or directly through trade between emitters
of nutrients from land (farmers, waste water treatment plants) and bivalve producers
(often facilitated by a public body). Trade between emitters and bivalve producers
involve a purchase of offsets from bivalve producers, allowing emitters to reduce
their abatement efforts accordingly. Permits are traded when the price of the offset
offered by bivalve producers are lower than the marginal costs of reducing nutrient
loads through other measures. The incentives for trade therefore depend on the need
for nutrient load reductions in the specific water body, and the costs of alternative
measures. Trade mechanisms are rarely used in nutrient regulation in Europe and
only a few examples exist worldwide (e.g. Piehler and Smyth 2011; Grabowski
et al. 2012; Shortle 2013; Duhon et al. 2015; Ferreira and Bricker 2016). However,
there is an increasing focus on this instrument to promote more cost-effective solutions in nutrient regulation. The use of offsets for nutrient abatement by bivalves has
been tested in Sweden (Lindahl and Kollberg 2009), and is currently being tested in
ongoing experimentation Sweden and Finland (Nutritrade 2017, http://nutritradebaltic.eu/wp-content/uploads/sites/34/2017/06/EUSBSR-Annual-Forum_
NutriTrade-pilot-mussel.pdf). There are ample experiences of market based
mechanisms in other environmental policy areas (e.g. biodiversity conservation) in
both the US and Europe (Pöll et al. 2016). These experiences should be used to
explore the risks and potentials of this type of regulation in the aquatic
environment.
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