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Abstract

Invertebrate animals that live at the bottom of aquatic ecosystems (i.e., benthic macro-
fauna) are important mediators between nutrients in the water column and microbes
in the benthos. The presence of benthic macrofauna stimulates microbial nutrient dy-
namics through different types of animal–microbe interactions, which potentially affect5

the trophic status of aquatic ecosystems. This review contrasts three types of animal–
microbe interactions in the benthos of aquatic ecosystems: (i) ecosystem engineering,
(ii) grazing, and (iii) symbiosis. Their specific contributions to the turnover of fixed ni-
trogen (mainly nitrate and ammonium) and the emission of the greenhouse gas nitrous
oxide are evaluated.10

Published data indicate that ecosystem engineering by sediment-burrowing macro-
fauna stimulates benthic nitrification and denitrification, which together allows fixed ni-
trogen removal. However, the release of ammonium from sediments often is enhanced
even more than the sedimentary uptake of nitrate. Ecosystem engineering by reef-
building macrofauna increases nitrogen retention and ammonium concentrations in15

shallow aquatic ecosystems, but allows organic nitrogen removal through harvesting.
Grazing by macrofauna on benthic microbes apparently has small or neutral effects
on nitrogen cycling. Animal-microbe symbioses provide abundant and distinct benthic
compartments for a multitude of nitrogen-cycle pathways. Recent studies revealed that
ecosystem engineering, grazing, and symbioses of benthic macrofauna significantly20

enhance nitrous oxide emission from shallow aquatic ecosystems.
The beneficial effect of benthic macrofauna on fixed nitrogen removal through cou-

pled nitrification–denitrification can thus be offset by the concurrent release of (i) am-
monium that stimulates aquatic primary production and (ii) nitrous oxide that con-
tributes to global warming. Overall, benthic macrofauna intensifies the coupling be-25

tween benthos, pelagial, and atmosphere through enhanced turnover and transport of
nitrogen.
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1 Introduction

Sediments of lakes, streams, and marine coasts are major compartments of the micro-
bial nitrogen cycle (N-cycle) in aquatic ecosystems (Thamdrup and Dalsgaard, 2008).
Much of the particulate organic nitrogen (PON) that settles onto sediments is rapidly
converted to ammonium (Fig. 1). At the oxic sediment surface, ammonium is oxidized5

to nitrite and further to nitrate by two functional groups of nitrifying bacteria: ammonia
oxidizers and nitrite oxidizers. Additionally, ammonia oxidation is mediated by archaea
that occur ubiquitously in aquatic sediments. Nitrite and nitrate produced by nitrifiers
may both diffuse partially into the water column and partially into anoxic sediment lay-
ers where they are reduced through three different nitrogen-cycle pathways to either10

dinitrogen (i.e., by denitrification and anaerobic ammonium oxidation, anammox) or am-
monium (i.e., by dissimilatory nitrate reduction to ammonium, DNRA) by facultatively or
strictly anaerobic bacteria. Nitrate may also directly diffuse from the water column into
anoxic sediment layers where it is reduced to either dinitrogen or ammonium. Thus,
benthic mineralization of PON and microbial nitrogen conversions eventually produce15

dissolved inorganic nitrogen (DIN) that partially diffuses back into the water column
where it fuels primary production and is partially converted to dinitrogen that is biologi-
cally unavailable to most organisms and thus largely leaves the ecosystem. Specifically,
nitrification, denitrification, and anammox in the sediment contribute to fixed nitrogen
removal from aquatic ecosystems, whereas DNRA only recycles fixed nitrogen.20

Current concerns arise from excess fixed nitrogen in the environment due to (i) ex-
tensive use of synthetic fertilizers in agriculture with subsequent leaching of nitrate into
water bodies and (ii) fossil fuel burning followed by atmospheric nitrogen deposition
(Gruber and Galloway, 2008; Feuchtmayr et al., 2009). Excess nitrate and ammonium
in aquatic ecosystems contribute to eutrophication with detrimental consequences for25

the environment, such as algal blooms, oxygen depletion, habitat degradation, and loss
of biodiversity (Nixon, 1995; Rabalais, 2002; Feuchtmayr et al., 2009; Howarth et al.,
2011). The microbial N-cycle also produces toxic compounds (e.g., nitrite, ammonia)
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and a potent greenhouse gas (i.e., nitrous oxide) at rates often directly proportional to
DIN concentrations in the water column (Seitzinger and Kroeze, 1998). Environmental
problems arising from excess fixed nitrogen pertain to both freshwater and coastal ma-
rine ecosystems and call for management strategies that reduce the sources of fixed
nitrogen and/or increase the capacity of fixed nitrogen removal.5

Benthic microbes share their habitat with a large diversity of invertebrate animals.
In fact, some of the abundant benthic macrofauna species act as important media-
tors between N-cycle bacteria in the benthos and fixed nitrogen in the water column.
The burrowing activity by macrofauna in the sediment extends the oxic–anoxic inter-
face to deeper sediment layers (Laverock et al., 2011); and the ventilation activity by10

macrofauna inside the burrows tremendously enhances the transport of solutes and
suspended particles between water column and sediment (Aller and Aller, 1998). By
such bioturbation activities (i.e., particle reworking and burrow ventilation, Kristensen
et al., 2012), macrofauna may stimulate microbial nitrogen cycling which is partic-
ularly intense at oxic–anoxic interfaces (Thamdrup, 2012) and the transport of DIN15

and PON between the sediment and the water column (Kristensen and Kostka, 2005).
These stimulatory effects by macrofauna potentially remove fixed nitrogen from aquatic
ecosystems through the sequential action of ammonification, nitrification, and denitrifi-
cation and/or anammox (Fig. 1). However, recent findings reveal that microbial nitrous
oxide production can be directly associated with many freshwater and marine macro-20

fauna species and their burrows in the sediment, which potentially increases total ni-
trous oxide emission rates from aquatic ecosystems (Stief et al., 2009; Heisterkamp
et al., 2010).

In the last two decades, some of the mechanisms of macrofauna-induced stimu-
lation of benthic nitrogen cycling and the microbes affected by this stimulation have25

been unraveled by making use of methodical advancements. Non-invasive microsen-
sors were used in burrows, guts, and exoskeletal biofilms of benthic macrofauna to
uncover the microscale oxygen and DIN dynamics in these animal-associated compart-
ments (Stief and de Beer, 2006; Stief and Eller, 2006; Stief et al., 2009; Heisterkamp
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et al., 2013). Additionally, the cultivation-independent community analysis of bacteria
allowed to specifically detect bacteria involved in nitrogen cycling directly in the en-
vironment, for instance, by using fluorescence in situ hybridization targeting nitrifying
bacteria (Altmann et al., 2004; Stief and de Beer, 2006) or by sequencing of phyloge-
netic marker genes or functional genes of nitrifying and denitrifying bacteria (Dollhopf5

et al., 2005; Satoh et al., 2007; Stief et al., 2009; Svenningsen et al., 2012; Gilbertson
et al., 2012).

This review article evaluates in which way the presence of benthic macrofauna miti-
gates or aggravates environmental problems caused by excess fixed nitrogen in aquatic
ecosystems. Three different types of animal–microbe interactions (and their transi-10

tion forms) are discussed with respect to mechanism, representative examples, and
ecosystem-level impact on nitrogen cycling: (i) ecosystem engineering, (ii) grazing,
and (iii) symbiosis. Particular attention is paid to the recent discovery that significant
production of nitrous oxide is directly or indirectly associated with benthic macrofauna.

2 Interactions between benthic macrofauna and nitrogen-cycle bacteria15

2.1 Ecosystem engineering

2.1.1 Sediment infauna

Many benthic macrofauna species construct sedimentary burrows that serve as protec-
tive retreats, but which also create a unique microenvironment for sediment bacteria
(Fig. 2a). Burrowing macrofauna thereby alter the resource supply to sediment bacte-20

ria and thus act as ecosystem engineers (Jones et al., 1994; Meysman et al., 2006).
In the burrow microenvironment, bacteria face (i) subsurface extensions of the oxic–
anoxic interface, (ii) rich deposits of labile organic matter in the burrow wall, (iii) oscil-
lating oxygen and DIN concentrations in the burrow lumen due to periodic ventilation
activity of the animal, and (iv) pulses of ammonium excreted by the animal into the bur-25
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row lumen (Gardner et al., 1983; Kristensen et al., 1991; Papaspyrou et al., 2005; Stief
and de Beer, 2006). This sequential or simultaneous presence of electron acceptors
and donors in high concentration turns macrofauna burrows into “hot spots” of both
aerobic and anaerobic microbial processes, such as the various N-cycle pathways.

Outstanding taxonomic groups of benthic infauna that act as ecosystem engineers5

are chironomids, tubificids, and burrowing mayfly larvae in freshwater sediments as
well as polychaetes, crustaceans, and mollusks in coastal marine sediments. Density-
dependent stimulations of N-cycle pathways and DIN fluxes are, for instance, reported
for the insect Chironomus plumosus (Pelegri and Blackburn, 1996; Svensson, 1997,
1998; Stief et al., 2009), the oligochaete Tubifex tubifex (Svensson et al., 2001), the10

ragworm Nereis sp. (Bartoli et al., 2000), the mud shrimp Corophium sp. (Pelegri and
Blackburn, 1994), and a number of other burrowing crustaceans (Webb and Eyre,
2004; D’Andrea and DeWitt, 2009; Jordan et al., 2009). Density-dependent stimulation
of nitrogen cycling is not generally observed though (e.g., Dunn et al., 2009). Often,
animal species with high ventilation rates have strong per capita impacts on N-cycle15

pathways and DIN fluxes, especially when occurring at high in situ densities (Mayer
et al., 1995; Svensson and Leonardson, 1996; Svensson et al., 2001; Nielsen et al.,
2004). The highly abundant chironomid larvae, for instance, irrigate their burrows in-
termittently (Lewandowski et al., 2007; Roskosch et al., 2010) and thereby significantly
stimulate sedimentary nitrification and denitrification and consequently the exchange20

of DIN across the sediment–water interface in lakes (Pelegri and Blackburn, 1996;
Svensson, 1997, 1998; Stief and Hölker, 2006; Stief et al., 2009).

Stimulation of nitrification activity inside macrofauna burrows results from the en-
hanced availability of oxygen, ammonium, and carbon dioxide due to ventilation, ex-
cretion, and respiration activities of the inhabiting animals (Mayer et al., 1995; Satoh25

et al., 2007). Consequently, the abundance of nitrifying bacteria in the burrow walls is
significantly higher than in the sediment surrounding the burrows (Satoh et al., 2007).
Stimulation of denitrification activity inside macrofauna burrows results from the advec-
tive transport of oxygen and nitrate into the burrows during ventilation periods, followed
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by oxygen depletion and anaerobic nitrate consumption during resting periods of the
animals (Svensson, 1998). Additionally, denitrification activity inside burrows is coupled
to nitrate and nitrite production by nitrification in the burrow walls, leading to a high
relative contribution of coupled nitrification–denitrification to total denitrification (Howe
et al., 2004). The demand of denitrifying bacteria for electron donors is met by the labile5

organic matter that the burrow walls are enriched with (Stief, 2007). Recently, the use
of microsensors directly in the burrow lumen and the burrow wall has confirmed both
the oscillating oxygen and DIN concentrations in ventilated burrows (Stief and de Beer,
2006; Stief et al., 2009) and the enhanced rates of nitrification and denitrification in the
burrow walls (Nielsen et al., 2004; Stief et al., 2004; Satoh et al., 2007).10

The net result of ventilation-enhanced solute exchange between water column and
sediment depends on the relative rates of organic matter mineralization, ammonium
excretion, nitrification, and denitrification inside the burrows. Many burrowing macro-
fauna species enhance (i) the net efflux of ammonium because rates of organic mat-
ter mineralization and ammonium excretion exceed the rate of nitrification (e.g., Pele-15

gri and Blackburn, 1995; Svensson, 1997; Hansen and Kristensen, 1998; Stief and
Hölker, 2006; Lewandowski et al., 2007) and (ii) the net influx of nitrate because the
rate of denitrification exceeds the rate of nitrification (e.g., Pelegri and Blackburn, 1996;
Nizzoli et al., 2007). However, ventilation-enhanced net efflux of nitrate by burrowing
macrofauna is sometimes observed too (Christensen et al., 2000; D’Andrea and De-20

Witt, 2009). Additionally, several freshwater species enhance the efflux of nitrous oxide
in a density-dependent manner (Svensson, 1998; Stief et al., 2009; Stief and Schramm,
2010; Poulsen et al., 2013) (see below).

2.1.2 Sediment epifauna

Reef-building macrofauna species live in huge aggregations of individuals on top of25

soft and hard bottoms of shallow aquatic ecosystems and act as ecosystem engineers
by altering the resource supply to other organisms (Jones et al., 1994; Markert et al.,
2010) (Fig. 2b). In the reef structures, benthic microbes face (i) an extension of hard-
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substrate colonization surfaces, (ii) changed flow conditions and sedimentation rates,
(iii) an enrichment of organic matter and ammonium due to macrofaunal biodeposition
and excretion, respectively, and (iv) changed light and oxygen conditions due to water
clearance through filter feeding by the reef-building organisms. As a consequence,
macrofaunal reefs significantly affect microbially-mediated nutrient dynamics in shallow5

aquatic ecosystems, including nitrogen cycling.
The world’s largest biogenic reefs are the tropical coral reefs formed by colonial scle-

ractinians (stony corals). Effects of reef-building macrofauna on the microbial N-cycle,
however, are mainly reported for the bivalves Crassostrea sp. (oysters) and Mytilus
sp. (blue mussels) in coastal marine ecosystems and Dreissena sp. (zebra mussels)10

in freshwater ecosystems. Crassostrea sp. (Dame et al., 1992; Gilbert et al., 1997;
Souchu et al., 2001; Newell et al., 2002; Piehler and Smyth, 2011; Kellogg et al., 2013),
Mytilus sp. (Prins and Smaal, 1994; Nizzoli et al., 2005; Stenton-Dozey et al., 2001),
and Dreissena sp. (Gardner et al., 1995; Lavrentyev et al., 2000; Conroy et al., 2005;
Bruesewitz et al., 2006, 2008; Svenningsen et al., 2012) have been shown to signif-15

icantly affect benthic DIN fluxes. Additionally, Crassostrea gigas and Dreissena poly-
morpha have a very high potential for invading aquatic ecosystems, often with severe
ecological and economic consequences (Pejchar and Mooney, 2009; Strayer, 2009;
Higgins and Vander Zanden, 2010; Markert et al., 2010). On the other hand, Cras-
sostrea sp. and Mytilus sp. are used in shellfish farming (Hatcher et al., 1994; Gilbert20

et al., 1997; Souchu et al., 2001; Nizzoli et al., 2005, 2006) and for ecosystem restora-
tion by exploiting their high filter-feeding activity (Newell et al., 2005; Plutchak et al.,
2010; Higgins et al., 2011, 2013; Carmichael et al., 2012; Kellogg et al., 2013).

Bivalve reefs stimulate microbial nitrogen cycling through a combination of several
mechanisms that mostly function at the level of the collective of the reef builders.25

The vast abundance of individuals confers a particular strength to the reef’s effects
on benthic DIN fluxes in shallow and constrained water bodies. Bivalve shells repre-
sent a wealth of hard substrata for colonization by biofilm-forming microbes (Gutierrez
et al., 2003), including nitrifying and denitrifying bacteria (Welsh and Castadelli, 2004;
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Heisterkamp et al., 2013). Nitrifying bacteria living in shell biofilms are nourished by
metabolic waste products, such as ammonium and carbon dioxide, excreted by the
reef-building organisms (Dame et al., 1992; Newell et al., 2002; Plutchak et al., 2010).
Denitrifying bacteria benefit from the enrichment of labile organic matter in the reef due
to biodeposition of suspended particles (i.e., seston) as mediated by the reef builders5

(Newell et al., 2005; Piehler and Smyth, 2011; Kellogg et al., 2013). Biodeposition of
seston results from the filter-feeding activity by the bivalves followed by the production
and enhanced sedimentation of feces and pseudofeces. Sedimentation and biodepo-
sition of seston are further facilitated by low-flow areas within the surface relief of the
reef (Lenihan, 1999). The filter-feeding activity by the bivalves also reduces phyto-10

plankton densities, which leads to higher light penetration into the water body (Dame
et al., 1992; Souchu et al., 2001; Newell et al., 2002). Since abundance and activity
of microphytobenthos increase with enhanced light intensities, near-bed oxygen con-
centrations tend to be higher (Lenihan, 1999) and potentially stimulate coupled nitrifi-
cation–denitrification (Souchu et al., 2001; Newell et al., 2002). In contrast, extremely15

high rates of biodeposition in long-line mussel farms reduce oxygen availability and
nitrification activity in the underlying sediments (Nizzoli et al., 2005, 2006; Carlsson
et al., 2010). Fixed nitrogen removal from aquatic ecosystems via natural bivalve reefs
or mussel farming is also achieved by harvesting the biomass (Newell et al., 2005;
Higgins et al., 2011; Stadmark and Conley, 2011; Rose et al., 2012; Carmichael et al.,20

2012; Kellogg et al., 2013) or through predation by waterfowl (Hamilton et al., 1994).

2.2 Grazing

Benthic macrofauna species graze on bacteria by filter feeding, deposit feeding, and
scraping of biofilms. Typically, the ingested bacteria are attached to sediment grains
or detritus particles or they are embedded in a biofilm matrix. Macrofaunal bacterivory25

has the potential to decrease the abundance of N-cycle bacteria and thereby also the
rates of nitrification and denitrification (Fig. 2c). The advent of cultivation-independent
methods to study individual cells, populations, and communities of microbes has made
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it possible to specifically target phylogenetic or functional groups of microbes directly in
environmental samples. The abundance of bacteria involved in nitrification and denitrifi-
cation, potentially reduced by macrofaunal grazing, can now be determined at the level
of individual cells by fluorescence in situ hybridization (Altmann et al., 2004) and at the
level of gene abundance by quantitative PCR targeting phylogenetic marker genes or5

functional genes (Dollhopf et al., 2005; Satoh et al., 2007; Gilbertson et al., 2012).
Isotopic evidence for macrofaunal grazing on bacteria exists for freshwater and ma-

rine species (Levin and Michener, 2002; Deines et al., 2007; Pascal et al., 2008). The
bacterial diet provides, however, only a minor fraction of the carbon demand of ben-
thic macrofauna (Kemp, 1987; Johnson et al., 1989; Goedkoop and Johnson, 1994).10

In turn, the grazing effect on total sediment bacteria is quantitatively not important be-
cause benthic macrofauna species consume only a small fraction of the total bacterial
production (Johnson et al., 1989; Van de Bund et al., 1994; Pascal et al., 2008). Rapid
regrowth of bacterial populations apparently compensates for the losses caused by
macrofaunal bacterivory (Van de Bund et al., 1994; Plante and Wilde, 2001). Addition-15

ally, bacterivorous macrofauna species may even promote the regrowth of sediment
bacteria through ecosystem engineering (see above).

Persistent grazing effects on sediment bacteria only exist for bacterial groups that
are efficiently eliminated by bacteriolysis in the animal gut and/or for those that show
low growth rates in their benthic environment (Plante and Mayer, 1994; Altmann et al.,20

2004). Nitrifying bacteria belong to the latter group and their abundance is indeed re-
duced in the deposit-feeding layer of Chironomus riparius larvae (Altmann et al., 2004;
Stief and de Beer, 2006). In the ventilation layer of the larvae, however, the total nitrifier
abundance is higher than in control sediments, probably due to low grazing pressure
and/or favorable growth conditions (Stief and de Beer, 2006). Thus, the direct effect25

of C. riparius larvae on the abundance of nitrifying bacteria due to grazing is partially
offset by indirect effects due to ecosystem engineering. In fact, nitrification rates were
lower in the deposit-feeding layer of the larvae, while the total DIN fluxes between wa-
ter column and sediment were not significantly different (Altmann et al., 2004). Several
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marine macrofauna species affect both the abundance ratio of archaeal to bacterial
ammonia oxidizers and nitrification rates, but not the overall abundance of ammonia
oxidizers (Gilbertson et al., 2012). Hence, grazing (probably together with ecosystem
engineering) may also exclusively alter the community structure of ammonia oxidizers
and thereby affect nitrification rates. Persistent grazing effects on denitrifying bacteria5

have so far not been documented for aquatic sediments. It can be expected that this
functional group of bacteria will experience only a weak grazing pressure by macro-
fauna due to their subsurface occurrence and their generally high growth rates, but
experimental evidence is currently lacking. Additionally, it has been shown that deni-
trifying bacteria survive the gut passage when ingested by benthic macrofauna (Stief10

et al., 2009). In agreement with this finding, sediments inhabited or non-inhabited by
C. plumosus larvae did not differ in the abundance of functional genes of dissimilatory
nitrate reduction and denitrification (Poulsen et al., 2013).

2.3 Symbiosis

The body of benthic macrofauna features permanent or transient habitats for bacte-15

ria and other microbes. Hard body surfaces may carry microbial biofilms, soft tissues
may host cellular and extracellular symbionts, and guts constitute transient habitats for
ingested bacteria or permanent habitats for symbionts of the gut wall (Fig. 2d). While
such intimate organismic associations can loosely be termed symbioses (as is done
here), the functional relationship between the macrofaunal and the microbial partners20

may in reality range from parasitism via commensalism to symbiosis. Very often, how-
ever, the type of functional relationship is not known and additionally smooth transitions
exist between the different types. This review covers intimate associations of benthic
macrofauna and N-cycle bacteria located in exoskeletal biofilms, gut contents, and
the soft tissues of the animal (Fig. 2d). As a common trait of these associations, the25

microbial metabolism is mainly controlled by the substrates, nutrients, and microenvi-
ronmental conditions provided by the animal host (McFall-Ngai et al., 2013). Nitrogen
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cycling mediated by symbionts of benthic macrofauna is thus partially uncoupled from
the ambient supply of DIN and oxygen.

2.3.1 Exoskeletal biofilms

Benthic macrofauna with a hard body surface (e.g., a chitinous exoskeleton or a cal-
careous shell) are often colonized by microorganisms organized in biofilms (Wahl et al.,5

2012). Usually, these exoskeletal biofilms develop better in epifaunal species, such as
reef-building bivalves, because of lower abrasion forces in the water column than in the
sediment. Aside from mollusks (e.g., bivalves and gastropods), higher crustaceans and
ascidians are reported to carry rich biofilms on their body surface (Heisterkamp et al.,
2010). Exoskeletal biofilms of a number of marine species harbor nitrifying bacteria that10

are nourished by ammonium and carbon dioxide excreted by the animal host (Welsh
and Castadelli, 2004; Welsh et al., 2009). The nitrification activities associated with
abundant macrofauna species contribute to overall benthic nitrification rates aided by
the efficient solute exchange between the biofilms and the ambient water (Welsh and
Castadelli, 2004). Additionally, the shell biofilms of freshwater and marine mollusks15

produce substantial amounts of nitrous oxide via both nitrification and denitrification
(Svenningsen et al., 2012; Heisterkamp et al., 2013) (see below).

2.3.2 Gut contents

Bacteria ingested by macrofauna are not necessarily digested and may in fact survive
and remain metabolically active during the gut passage (Plante and Mayer, 1994). Fur-20

thermore, the gut microenvironment may induce metabolic pathways of the bacteria
that are not active in their natural environment. As shown by microsensor measure-
ments, the gut interior of many species is anoxic (Plante and Jumars, 1992; Stief and
Eller, 2006; Stief et al., 2009), which even applies to relatively small marine zooplank-
ton (Tang et al., 2011). Bacteria that normally live in oxic environments will thus expe-25

rience a shift from oxic to anoxic conditions when ingested by filter- or deposit-feeding
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macrofauna. This oxic-anoxic shift induces denitrification activity in facultatively anaer-
obic bacteria which then start producing nitrous oxide and dinitrogen, gases that are
efficiently emitted from the gut and the animal (Stief et al., 2009). Nitrate obviously en-
ters the gut when water-soaked food particles are ingested (Stief et al., 2010). Not all
macrofauna species emit nitrous oxide though, some because they are predators and5

only ingest few bacteria (Stief and Schramm, 2010), while others do not emit nitrous ox-
ide because of bacteriolytic activities in the gut (Plante and Mayer, 1994; Heisterkamp
et al., 2010).

2.3.3 Soft tissues

Sponges are engaged in symbioses with diverse microbes (Hentschel et al., 2006;10

Fiore et al., 2010; Webster and Taylor, 2012). The environmental importance of
sponge-microbe symbioses is due to the often high coverage of benthic habitats with
sponges and their ability to process large volumes of ambient water. The periodic ven-
tilation activity of sponges also causes dynamic changes between oxic and anoxic
conditions inside the tissues (Schläppy et al., 2007, 2010b; Hoffmann et al., 2008).15

Consequently, both aerobic and anaerobic N-cycle pathways can be active in the same
host organism in different body sections or at different times (Fiore et al., 2010). Some
of the bacterial symbionts of sponges fix dinitrogen and supply the host and possibly
the nutrient-poor environment with fixed nitrogen (Weisz et al., 2007; Fiore et al., 2012).
Several sponge species exhibit nitrification activity due to symbiotic ammonia-oxidizing20

Archaea and Bacteria that obviously benefit from ammonium and carbon dioxide ex-
creted by the sponge (Jimenez and Ribes, 2007; Bayer et al., 2008; Hoffmann et al.,
2009; Schläppy et al., 2010a; Radax et al., 2012a). Consequently, nitrate excretion
has been observed in the sponge Aplysina aerophoba, albeit at rates considerably
lower than ammonium excretion (Bayer et al., 2008). In contrast, the sponge Geodia25

barretti constitutes a nitrate sink due to its high denitrification and anammox activities
(Hoffmann et al., 2009). Additionally, this sponge harbors active ammonia-oxidizing Ar-
chaea and Bacteria as demonstrated by metatranscriptomics (Radax et al., 2012b). In
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coastal marine ecosystems with high sponge cover, the extrapolated rates of sponge-
mediated N-cycle pathways rival those measured in ambient sediments (Jimenez and
Ribes, 2007; Hoffmann et al., 2009).

Nitrate reduction activity is also associated with marine tubeworms and nematodes,
but the extent of their nitrate exchange with the water column is currently not known.5

In the trophosome of the tubeworm Riftia pachyptila, intracellular symbionts reduce ni-
trate to nitrite and/or ammonium, which may serve respiratory or assimilatory purposes
(Hentschel and Felbeck, 1993; Girguis et al., 2000). For two marine nematode species,
nitrate reduction to nitrite mediated by symbionts attached to the worms’ cuticle was
demonstrated (Hentschel et al., 1999). It was speculated that such ectosymbionts as-10

sociated with the marine nematode Robbea sp. use nitrate in the absence of oxygen to
oxidize sulfide (Bayer et al., 2009). These forms of symbiosis-derived nitrate reduction,
if widespread in nematodes, could be environmentally important because of the high
abundance of nematodes in coastal marine sediments. Dedicated research is needed
to quantify the potential contribution of benthic nematodes to microbial nitrogen cycling.15

Many more symbiotic associations exist that involve N-conversions by the bacterial
symbiont and N-transfer to the host animal, such as bacterial nitrogen fixation in ship-
worms and bivalves (Lechene et al., 2007) and corals (Fiore et al., 2010), archaeal
ammonia oxidation in colonial ascidians (Martinez-Garcia et al., 2008), and bacterial
regeneration of nitrogenous waste products in leeches (Kikuchi et al., 2009). The en-20

vironmental significance of these highly specific symbioses is probably low because of
the efficient transfer of substrates and nutrients between the symbiotic partners and
because in many cases the bacterial symbionts are phagocytosed by the host animal.
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3 Ecosystem-level impact of animal–microbe interactions

3.1 Theoretical considerations

The effects of benthic macrofauna on the aquatic N-cycle are often studied in the con-
text of excess fixed nitrogen in aquatic ecosystems. Many of these studies suggestively
link the stimulation of benthic nitrogen cycling by macrofauna to ecosystem-level fixed5

nitrogen removal. A factual reduction of DIN concentrations in the water column, the
key criterion of ecosystem-level fixed nitrogen removal, will limit primary production and
slow down or even reverse the eutrophication process. Fixed nitrogen removal from the
aquatic ecosystems occurs through (i) long-term PON burial in deep sediment, (ii) dini-
trogen emission to the atmosphere, (iii) feeding on aquatic organisms by birds and10

terrestrial animals, and (iv) harvesting of aquatic biomass by humans. Hereof, ben-
thic macrofauna potentially affects dinitrogen emission by stimulating microbial N-cycle
pathways.

Stimulation of denitrification increases the flux of nitrate from the water column into
the sediment, where nitrate is reduced to dinitrogen and nitrous oxide which may then15

emitted to the atmosphere (Fig. 3). Thus, stimulation of denitrification potentially re-
duces DIN concentrations in the water column, but increases nitrous oxide emission.
Stimulation of nitrification reduces the flux of ammonium and increases the flux of ni-
trate from the sediment into the water column. However, some of the nitrate produced
by nitrification diffuses into deeper anoxic sediment layers where it is reduced to dinitro-20

gen, which corresponds to coupled nitrification–denitrification. Thus, stimulation of nitri-
fication potentially reduces DIN concentrations in the water column because part of the
upwards diffusing ammonium is eventually converted to dinitrogen which may be emit-
ted to the atmosphere. Stimulation of nitrification also enhances nitrous oxide emission,
both directly during ammonia oxidation or nitrifier denitrification and indirectly through25

coupled nitrification–denitrification. Stimulation of organic matter mineralization, excre-
tion of ammonium, and transport of ammonium across the sediment–water interface
all increase the flux of ammonium from the sediment to the water column. The efflux of
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ammonium can, however, not exceed the flux of PON to the benthos, but macrofauna
may increase the flux of PON by biodeposition and feeding activities. Thus, stimula-
tion of mineralization, excretion of ammonium, and transport of ammonium potentially
increases DIN concentrations in the water column where it fuels primary production.
The overall net effect of the stimulation of nitrogen cycling by benthic macrofauna de-5

pends on the strength of stimulation of each individual process involved in nitrogen
cycling. However, these stimulation processes are in reality more complex than shown
in the schematic representation of Fig. 3. The solute exchange between sediment and
water is not simply mediated by one-dimensional diffusion across the sediment–water
interface, but rather by diffusion and advection across the three-dimensional extension10

of the oxic–anoxic interface created by the activities of sediment-dwelling macrofauna
(Kristensen and Kostka, 2005). Additionally, the turnover and transport of solutes un-
dergo pronounced temporal dynamics due to periodic ventilation of the burrows and
diurnal changes of macrofauna activity (Wenzhöfer and Glud, 2004).

3.2 Quantitative evaluation15

3.2.1 Procedure

In the following, the results of 38 published studies are quantitatively evaluated with re-
spect to ecosystem-level fixed nitrogen removal (Fig. 4, Table 1). The majority of stud-
ies suitable for this evaluation were conducted as laboratory experiments in which the
density of a single macrofauna species was manipulated, despite the fact that benthic20

communities may comprise many different macrofauna species. Such use of mono-
species experiments is justified when the given species occurs at extremely high den-
sity and dominates the macrofauna community. Additionally, in many of the selected
studies, only a single type of animal–microbe interactions (the most popular one being
“ecosystem engineering by infauna”) is discussed. In reality, these studies address the25

net effect of several types of animal–microbe interactions that may run in parallel, both
within single macrofauna species and within macrofauna communities.
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Only a selected subset of data from the selected studies can be presented here,
which may bias the overall outcome of this quantitative evaluation. For instance, the
macrofauna density closest to the natural density, one out of several sediment types
or incubation temperatures tested, and the end point of time series experiments were
considered. Note also that even within a single macrofauna species, the variability5

of results was often substantial due to differences in animal density, sediment type,
incubation length, DIN concentration, temperature, and analytical procedures used.

Figure 4 displays taxonomically grouped macrofauna species for which at least one
of the following variables was determined: nitrification and denitrification rates, and
ammonium and nitrate fluxes. Denitrification rates correspond to (i) the sum of rates of10

coupled nitrification–denitrification (Dn) and denitrification of water column nitrate (Dw)
when 15N-enrichment experiments were made, or to (ii) Dw alone when the acetylene
inhibition technique was used. The latter is because acetylene also inhibits nitrification
(i.e., Dn = 0) and thus the total rate of denitrification is underestimated.

3.2.2 Overview15

Freshwater macrofauna is represented by the classes Insecta, Oligochaeta, and Bi-
valvia, while marine macrofauna is represented by the classes Crustacea, Polychaeta,
and Bivalvia (Fig. 4). Freshwater insects and oligochaetes were tested at densities
of 2000–38 750 individuals m−2. Prominent examples occurring at such high densities
in lake sediments are Chironomus plumosus and Tubifex tubifex. The presence of all20

insect and oligochaete species increased the areal rates of nitrification and denitrifica-
tion, the ammonium efflux, and the nitrate influx. In the only two studies in which both
ammonium and nitrate fluxes were measured (i.e., C. plumosus [93], T. tubifex [92];
number in [] indicates reference from which the data were taken), the animal-enhanced
nitrate influx at least balanced or even exceeded the ammonium efflux.25

The crustacean species tested comprise both small amphipods (e.g., Corophium
volutator) and large decapods (e.g., Callianassa subterranea) and burrow in coastal
marine sediments at densities of 30–19 800 individuals m−2. All crustacean species in-
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creased nitrification rates, in the extreme case ca. 10-fold (Upogebia pugettensis [18]),
but only about half of them increased denitrification rates (e.g., C. volutator), while the
other half had no significant effect on denitrification (e.g., C. subterranea). The pres-
ence of decapods strongly increased the ammonium efflux (e.g., Neohelice granulata
[22]), while amphipods only had a minor effect on the ammonium flux with the excep-5

tion of Victoriopisa australiensis [21]. Crustacean effects on nitrate fluxes were diverse,
ranging from strong increases of the nitrate influx observed for C. volutator [90,94] and
N. granulata [22] to increases of the nitrate efflux observed for Trypaea australiensis
[56] and U. pugettensis [18]. In studies in which both ammonium and nitrate fluxes
were measured, the animal-enhanced ammonium efflux often exceeded the nitrate in-10

flux, but in five studies, the presence of crustaceans increased the simultaneous efflux
of ammonium and nitrate.

The bivalves are the only class for which both freshwater and marine species were
tested (at densities of 440–10 000 individuals m−2) for their effects on benthic nitro-
gen cycling. The presence of the invasive Dreissena polymorpha increased nitrification15

rates [11,67], but no other bivalve species was tested for this trait. Nearly all bivalve
species increased denitrification rates, but in some cases only marginally (e.g., Tapes
philippinarum [84]); in the presence of Macoma balthica [57], denitrification rates were
even lower than in their absence. Ammonium effluxes were consistently enhanced by
bivalves, with T. philippinarum [84] having the strongest effect. Nitrate fluxes were influ-20

enced in diverse ways, even within one species (i.e., M. balthica [41, 57, 77]), covering
increases of the nitrate influx, increases of the nitrate efflux, and an inversion of the
flux direction. In studies in which both ammonium and nitrate fluxes were measured,
the absolute increase in ammonium efflux was always larger than any change in nitrate
flux.25

The marine polychaetes were tested at densities of 50–5000 individuals m−2. Nitri-
fication rates were increased in the presence of two Nereis species [37, 63, 81] and
not tested for any other polychaete species. With one exception (i.e., Marenzelleria
viridis [57]), all polychaete species, including M. viridis tested in two other studies [45,
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64], increased denitrification rates often ca. 3-fold. Without exception, the presence of
marine polychaetes increased the ammonium efflux, in some cases more than 10-fold
(e.g., Marenzelleria sp. [45]). All polychaete species increased the nitrate influx (e.g.,
Nereis sp. [86]) or led to the inversion of a nitrate efflux to a nitrate influx (e.g., N. virens
[41, 63, 77]). In almost all studies in which both ammonium and nitrate fluxes were5

measured, the absolute increase in ammonium efflux was larger than the increase in
nitrate influx.

3.2.3 Essence

The general patterns of macrofauna-induced stimulation of benthic nitrogen cycling are
compiled in Table 1. The two major sources of bias in this quantitative evaluation are (i)10

the vastly different background rates and fluxes in the sediments used for experiments
and (ii) the different subsets of data provided by the individual studies (i.e., the number
of observations differs between the variables). Other sources of bias have been men-
tioned above. Despite these biases, meaningful trends emerge due to the relatively
large number of studies considered for this quantitative evaluation.15

The presence of abundant benthic macrofauna species increased the areal rates of
nitrification and denitrification by factors of 3.0±2.3 (n = 15) and 2.4±1.5 (n = 39), re-
spectively (Tab. 1). Ammonium effluxes and nitrate influxes were enhanced by factors
of 5.3±4.1 (n = 26) and 2.2±2.2 (n = 14), respectively. Thus, while both nitrification
and denitrification were stimulated to approximately the same degree, the stimulation of20

the ammonium efflux was considerably higher than the stimulation of the nitrate influx.
The most likely explanation for this observation is that due to the animal-enhanced
solute transport, ammonium crosses the nitrification layer which in diffusive settings
acts as an efficient barrier for ammonium (Stief et al., 2002). Stimulation factors may
not be representative measures of the eventual changes in DIN concentrations in the25

water column when background rates and fluxes differ largely (see above). Therefore,
it is necessary to also look at the absolute changes in ammonium and nitrate fluxes
imposed on sediments by benthic macrofauna (Table 1). On average, the ammonium
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efflux was enhanced by 235±285 µmol N m−2 h−1(n = 31), while the nitrate influx was
only enhanced by 118±381 µmol N m−2 h−1 (n = 28). Thus, the removal of fixed nitro-
gen as nitrate (via animal-enhanced denitrification) is more than offset by the increase
in fixed nitrogen as ammonium (via animal-enhanced solute transport). Against this
background, it is not surprising that the DIN efflux from the sediments used in the 385

studies increased on average from 24 to 162 µmol N m−2 h−1 (n = 27) when benthic
macrofauna was present.

4 Nitrous oxide emission associated with benthic macrofauna

Fixed nitrogen removal due to macrofauna activities is not only counteracted by the
enhanced ammonium efflux from the sediment into the water column, but also by en-10

hanced nitrous oxide emission. This phenomenon has first been noted for the ubiqui-
tous and highly abundant freshwater midge larva C. plumosus (Svensson, 1998) and
thereafter for many other freshwater and marine macrofauna species (Stief et al., 2009;
Heisterkamp et al., 2010). Svensson (1998) ascribed the emission of nitrous oxide from
lake sediment colonized by C. plumosus to nitrification activity inside the larval bur-15

rows. Stief and coworkers (2009) discovered nitrous oxide production due to denitrifi-
cation activity inside the gut of C. plumosus larvae and other filter- and deposit-feeding
freshwater macrofauna. Heisterkamp and coworkers (2010) additionally found nitrous
oxide production occurring in the biofilm covering the shell of a marine snail. Thus,
nitrous oxide production can be (i) indirectly associated with benthic macrofauna and20

mediated by microorganisms in their immediate microenvironment (e.g., their burrow)
and/or (ii) directly associated with benthic macrofauna and mediated by microorgan-
isms in their guts or their shell biofilms. The first case fits into the category ecosystem
engineering, while the second case fits into the categories grazing and symbiosis.

Emission of nitrous oxide produced in the burrows and guts of C. plumosus larvae25

and other sediment-dwelling macrofauna is greatly facilitated by burrow ventilation. At
a density of 745 individuals m−2, for instance, C. plumosus transports 1300 Lm−2 d−1
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lake water through the sediment by burrow ventilation (Roskosch et al., 2010). Thereby,
the larvae simultaneously enhance the nitrate influx into the sediment (potentially stim-
ulating denitrification in burrows and guts) and the ammonium and nitrous oxide ef-
fluxes from the sediment. Approximately 15–30% of the increased nitrous oxide emis-
sion is due to gut denitrification, while the remainder is due to stimulated nitrification5

and denitrification in C. plumosus burrows (Svensson, 1998; Stief et al., 2009). The
nitrous oxide yield of gut denitrification (i.e., the N2O/N2 +N2O emission ratio) is 43–
68% and thus significantly higher than the 0.1–0.5% reported for aquatic sediments
(Seitzinger and Kroeze, 1998; Stief et al., 2009, 2010). The high nitrous oxide yields
are explained by incomplete induction of the denitrification sequence or by partial inhi-10

bition of the nitrous oxide reduction step by low oxygen concentrations. At a density of
3450 individuals m−2, C. plumosus larvae increase the nitrous oxide yield of sediment-
water gas fluxes ca. 2.5-fold (Stief et al., 2009). Aside from C. plumosus, only two more
sediment-dwelling freshwater species have been studied, the mayfly Ephemera danica
and the alderfly Sialis lutaris (Stief and Schramm, 2010). C. plumosus and E. danica15

larvae contribute to the total N2O efflux by gut denitrification and by stimulating sedi-
mentary denitrification, while S. lutaria only stimulates sedimentary denitrification.

A recent study revealed that the invasive bivalve D. polymorpha potentially in-
creases the nitrous oxide efflux 400–3000-fold at natural densities of 100 000–
700 000 individuals m−2 (Svenningsen et al., 2012). One third of the nitrous oxide emit-20

ted by D. polymorpha is produced in the shell biofilm as a by-product of ammonia-
oxidation; the remaining two thirds are produced in the gut as an intermediate of deni-
trification. The high rate of ammonium excretion by D. polymorpha (Conroy et al., 2005)
thus not only fuels coupled nitrification–denitrification in the sediment (Bruesewitz et al.,
2008), but also the nitrous-oxide-producing bacteria in the biofilm on their own shell.25

Meanwhile, also marine mollusks were found to emit nitrous oxide produced in their
shell biofilm by both nitrification and denitrification (Heisterkamp et al., 2013). Ammo-
nium excretion rates of the animal hosts were by far higher than the rates of nitrous
oxide emission from the shell biofilms, meaning that nitrous oxide production may be
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uncoupled from ambient DIN supply. Additionally, the nutrient-rich microenvironment
shapes specific microbial communities, since nitrous oxide emission rates from living
animals with shell biofilms are higher than from stones or shell debris collected nearby
(Heisterkamp et al., 2013).

Nitrification activity is also directly associated with the marine bivalve Mytilus gallo-5

provincialis that is extensively used for suspended mussel farming (Welsh and Cas-
tadelli, 2004). It has been speculated that nitrogen cycling in the mussel rope com-
munity rivals nitrogen cycling in sediments underlying the mussel farms (Nizzoli et al.,
2005). Future studies should investigate whether and how much nitrous oxide is emit-
ted by M. galloprovincialis and other extensively cultivated mussels and clams. The10

same is true for oyster reefs and mussel banks that are restored with the aim to im-
prove water quality (Plutchak et al., 2010; Stadmark and Conley, 2011; Rose et al.,
2012; Carmichael et al., 2012; Kellogg et al., 2013), but may in fact be significant
sources of nitrous oxide. Further, animals kept in aquaculture facilities at very high
nutrient concentrations should be investigated for their potential to emit nitrous ox-15

ide, since first experiments revealed extremely high rates of nitrous oxide production
directly associated with the widely used shrimp Litopenaeus vannamei (Heisterkamp
et al., 2010).
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Table 1. Macrofauna-induced stimulation of benthic nitrification and denitrification and of am-
monium and nitrate fluxes across the sediment–water interface.

Stimulation factor Absolute change of flux Total DIN flux
(x-fold) (µmol N m−2 h−1) (µmol N m−2 h−1)

Nitrification Denitrification NH+
4 -Flux NO−

3 -Flux∗ NH+
4 -Flux NO−

3 -Flux Control Animals

Minimum 1.0 0.3 0.1 0.3 +5 −1698 −558 −850
Maximum 9.0 7.0 15.4 9.6 +1263 +530 +246 +1156
Average 3.0 2.4 5.3 2.2 +235 −18 +24 +162
SD 2.3 1.5 4.1 2.2 285 381 158 372
N 15 39 26 14 31 28 27 27

Stimulation factors, absolute changes of fluxes, and total DIN fluxes were calculated based on the data presented in Fig. 4. Note that the number
of studies (N) varies between the different factors because the individual studies provided different subsets of information needed for the
calculations.
∗Stimulation factor was only calculated for cases in which the NO−

3 -flux was directed into the sediment in both the presence and absence of
macrofauna.
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Fig. 1. The benthic microbial nitrogen cycle in aquatic ecosystems. Black arrows indicate trans-
port of particles or solutes between water and sediment; colored arrows indicate conversions
along individual nitrogen-cycle pathways. PON: Particulate Organic Nitrogen, A: Ammonifica-
tion, DNRA: Dissimilatory Nitrate Reduction to Ammonium, Anammox: Anaerobic ammonium
oxidation. Boxed labels on the left demarcate oxic and anoxic layers within the sediment. To
simplify matters, the pathway Nitrogen fixation (N2 →NH+

4 ) is omitted.
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Figure 2

Symbiosis

• Intimate organismic association of bacteria and macrofauna in exoskeletal biofilms, gut contents, and soft tissues

• Provision of dynamically oxic-anoxic microenvironments within host organism

• Supply of metabolic waste products from host to symbiont

 Distinct benthic compartments for many different nitrogen cycle pathways

 Nitrous oxide production due to animal-associated nitrification and denitrification

Grazing

• Ingestion of free-living and particle-attached bacteria

• Decline in abundance of slow-growing bacteria

• Decline in metabolic activity of grazing-sensitive bacteria

 Reduced nitrification activity at the sediment surface

Ecosystem engineering by sediment infauna

• Physical-chemical alteration of habitat

• Extension of oxic-anoxic interface due to burrowing and ventilation

• Provision of dynamically oxic-anoxic microenvironments due to ventilation, respiration, and excretion

 Modified resource supply to sediment bacteria

 Enhanced organic matter mineralization, coupled nitrification-denitrification, and ammonium release

Deposit-feeding

Biofilm scraping

C

oxic

anoxic

Ventilation

Burrowing

A

B Ecosystem engineering by reef-building epifauna

• Physical-chemical alteration of habitat

• Extension of surface area for microbial colonization due to biogenic structures

• Enrichment of organic matter due to biodeposition

 Modified resource supply to benthic microorganisms

 Enhanced organic matter mineralization, nitrification and denitrification, and ammonium release

D

Fig. 2. Three types of animal–microbe interactions that interfere with benthic nitrogen cycling
in aquatic ecosystems: (A) and (B) ecosystem engineering, (C) grazing, and (D) symbiosis.
The site of the microbial activity of interest is highlighted in pink color ((A) sediment burrow,
(B) surface of biogenic reef structures, (C) sediment surface, (D) soft tissues, gut, and shell
biofilm). Drawings of animals and biogenic structures are stylized and not to scale.
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Figure 3 
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Fig. 3. Stimulation of N-cycle processes by benthic macrofauna and implications for fixed ni-
trogen removal and nitrous oxide emission. Block arrows indicate flux of particles (PON) or
solutes (DIN) between sediment and water column. Length of arrows symbolizes size of flux;
nitrous oxide fluxes, however, are shown as arrows of arbitrarily small size. Stimulation of den-
itrification and nitrification potentially removes fixed nitrogen as dinitrogen and increases ni-
trous oxide emission, while stimulation of PON mineralization, excretion of ammonium, and
ventilation-enhanced transport of ammonium do not.
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Fig. 4. (Caption on next page.)
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Fig. 4. Data from 38 published studies in which (A) nitrification rates, (B) denitrification rates,
(C) ammonium fluxes, and (D) nitrate fluxes were compared between sediment with and with-
out certain macrofauna species. Data were extracted from tables, figures, and the text of the
published articles. Average rates and fluxes are given for sediment without macrofauna (Con-
trol) and sediment with the highest density of macrofauna (Animals) and were re-calculated to
µmol N m−2 h−1. Positive fluxes are directed from sediment to water column, negative fluxes are
directed from water column to sediment. If no bar is displayed, then information was not avail-
able. Numbers behind species name indicate (i) animal density in individuals m−2 and (ii) the
reference from which data were taken. NA= information not available.

11824

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/11785/2013/bgd-10-11785-2013-print.pdf
http://www.biogeosciences-discuss.net/10/11785/2013/bgd-10-11785-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

