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Abstract. The intensity, duration and frequency of coastal 1 Introduction

hypoxia (oxygen concentration63 M) are increasing due

to human alteration of coastal ecosystems and changes iRissolved oxygen concentrations in natural water bodies
oceanographic conditions due to global warming. Here weare governed by the delicate balance between the processes
provide a concise review of the consequences of coastal hyof 0xygen supply (mainly regulated by physical transport)
poxia for sediment biogeochemistry. Changes in bottom-and removal (primarily through biological consumption).
water oxygen levels have consequences for early diagenetithe occurrence of coastal hypoxia can be natural, human
pathways (more anaerobic at expense of aerobic pathwaysi)fluenced, or result from the interactions of natural and
the efficiency of re-oxidation of reduced metabolites and theanthropogenically-induced processes. Naturally occurring
nature, direction and magnitude of sediment-water exchangB8Ypoxia is found in bottom waters of silled basins and fjords
fluxes. Hypoxia may also lead to more organic matter accuWwith restricted circulation (e.g. Black Sea, Cariaco Basin,
mulation and burial and the organic matter eventually buriedkau Bay, Anderson and Devol, 1987; Middelburg et al.,
is also of higher quality, i.e. less degraded. Bottom-water1991), as a result of natural intrusions or upwelling of sub-
oxygen levels also affect the organisms involved in organicsurface oxygen-depleted waters on shelf systems (northern
matter processing with the contribution of metazoans de.Chile, Morales et al., 1999; northeast Pacific, Grantham et
creasing as oxygen levels drop. Hypoxia has a significanfl-, 2004; Costa Rica, Thamdrup et al., 1996; Namibian shelf,
effect on benthic animals with the consequences that ecosydvionteiro et al., 2006, 2008; Lavik et al., 2009; Indian shelf,
tem functions related to macrofauna such as bio-irrigationNagvi et al., 2000), or in coastal embayments such as estu-
and bioturbation are significantly affected by hypoxia asaries from the heterotrophic status sustained by the delivery
well. Since many microbes and microbial-mediated biogeo-Of terrestrial and riverine organic matter (Heip et al., 1995).
chemical processes depend on animal-induced transport préduman influences on coastal hypoxia are multiple and can
cesses (e.g. re-oxidation of particulate reduced sulphur an@perate on local and regional scales (e.g. cultural eutrophi-
denitrification), there are indirect hypoxia effects on biogeo-cation, river runoff) as well as the global scale (e.g. warm-
chemistry via the benthos. Severe long-lasting hypoxia andng). Global warming will lead to reduced oxygen solubility
anoxia may result in the accumulation of reduced compound&nd degassing of oxygen, increased stratification and changes
in sediments and elimination of macrobenthic communitiesin Wind patterns affecting transport and mixing of oxygen.
with the consequences that biogeochemical properties duModifications in hydrology may influence the delivery of nu-
ing trajectories of decreasing and increasing oxygen may b&fients and organic matter from land to coastal systems and

different (hysteresis) with consequences for coastal ecosyghus the consumption of oxygen in coastal systems (Rabalais
tem dynamics. et al., 2004; Turner et al., 2008). Hydrological changes can

also result in enhanced stratification due to either elevated
evapotranspiration in arid zones or freshwater lenses result-
ing from excessive rain or runoff from land. These natural

and human-influenced processes influencing the oxygen bal-
ance in coastal waters interact and together govern dissolved
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There is accumulating evidence and growing concern thaprimary producers because our overview is restricted to sed-
low oxygen (i.e. hypoxic) conditions are proliferating in ma- iments not receiving sunlight (Larson and Suack, 2008;
rine coastal environments worldwide (Diaz, 2001; Gray etMontserrat et al., 2008). Gooday et al. (2009) discuss the
al., 2002; Rabalais et al., 2001a, b; Diaz and Rosenbergiormation, preservation and use of proxies in hypoxia re-
2008). Hypoxia can have direct and indirect effects onsearch and cover in detail the effect of hypoxia on trace el-
the functioning and survival of organisms. The vulnerabil- ement sediment geochemistry. Nagvi et al. (2009) discuss
ity to low oxygen varies widely across marine organisms.the production and emission of radiatively active gases from
Changes in organism behaviour and functioning are generhypoxic areas. Levin et al. (2009) review the effect of natu-
ally observed at higher dissolved oxygen levels than lethakal and human-induced hypoxia on benthic communities and
oxygen thresholds (Diaz and Rosenberg, 1995; Gray et alKemp et al. (2009) discuss coastal-hypoxia responses to re-
2002; Vaquer-Sunyer and Duarte, 2008). Moreover, anoxianediation. These complementary issues will not be repeated
conditions with or without sulphide may have different con- here. Rather, we present the direct effect of bottom-water
sequences because of the toxicity of sulphides for many orexygen concentrations on sediment biogeochemistry and or-
ganisms, in particular metazoans (Bagarinao, 1992). Anotheganic matter, the indirect effect of oxygen on sediment bio-
important factor governing the sensitivity of organisms to hy- geochemistry via the influence of hypoxia on animals and the
poxia is the duration of hypoxic conditions, as short-lived implications for sediment and coastal ecosystem dynamics.
events can be survived or avoided by migration (Levin et al.,
2009a). It is the combination of sensitivity to oxygen lev-
els and the duration and intensity of hypoxia that governs2 Bottom-water oxygen controls on sediment
the survival and functioning of organisms under conditions  biogeochemistry
of coastal hypoxia. Oxygen thresholds should therefore be
considered in a dynamic context. 2.1 Sediment biogeochemistry in oxic settings

Coastal hypoxia may be an incidental or episodic event
(e.g. storm causing entrainment of sulphidic subsurface waBiogeochemical processes in marine sediments are inti-
ters into surface waters), a recurrent seasonal phenomermately linked to processes and conditions in the water col-
(due to seasonality in algal growth and thus oxygen con-umn: they are fueled by deposition of materials from the wa-
sumption or due to seasonal winds and upwelling), or a morder column (e.g. labile organic matter) and are affected by
permanent phenomena lasting for years to millennia. Thighe composition of bottom waters (Berner, 1980; Soetaert et
distinction among short-lived, recurrent seasonal and longal., 2000; Burdige, 2006). Biogeochemical conditions and
lived hypoxia is critical when studying the benthos and sed-processes in coastal sediments differ from those in the water
iment biogeochemistry. Organisms that have evolved in percolumn because of differences in transport processes (molec-
manently hypoxic setting such as oxygen-minimum zonesular versus eddy diffusion and particle settling versus biotur-
appear to thrive at very low levels of dissolved oxygen (Chil- bational mixing), relevant time scales and availability of par-
dress and Siebel, 1998; Levin, 2003). The effect of oxygenticulate and dissolved substances. Deposition of labile and
on sediment biogeochemistry depends on the history of theéeactive materials from the water column provides energy
system, as large stocks of reactive components in sedimengnd nutrients for heterotrophic consumers inhabiting marine
may delay and attenuate responses to higher or lower oxygesediments. The majority of the organic matter deposited is
levels (Soetaert et al., 2000). For instance, coastal sedimentyocessed by a diverse community of microbes, protozoans
with active faunal communities and iron and manganese cyand metazoans and only a small part is eventually buried due
cles respond differently to low-oxygen conditions than do to sediment accretion (Hedges and Keil, 1995; Middelburg
sediments rich in sulphide and lacking oxidants other thanand Meysman, 2008).
sulphate. The organic material processed is assimilated by het-

This review aims to synthesize the understanding of bio-erotrophic organisms (secondary production) or respired and
geochemical processes affected by coastal hypoxia. We wilimineralized. As a consequence of high oxygen consump-
discuss the direct and indirect effects of hypoxia on sedimention rates and slow transport of oxygen by molecular dif-
biogeochemistry and sediment-water exchange fluxes. Thedeision or bio-irrigation (Meysman et al., 2006), oxygen
processes have been studied extensively and it is beyond tipenetration depths are very limited, varying from less than
scope of this review paper to cover the entire literature orl mm in active, muddy sediments to a few cm in perme-
all aspects. Our goals are (1) to provide a systematic an@ble, sandy sediments (Glud, 2008). Hypoxic and anoxic
concise overview of the effect of oxygen on sediment bio-conditions are thus the norm for the biologically-active up-
geochemistry, both direct and indirect via its effect on ben-per decimeter(s) of sediments. Oxygen limitation initiates
thic faunal communities, and (2) to explore the dynamics anda cascade of alternative electron acceptor use by anaerobic
response of sediment biogeochemistry both in terms of senerganisms (mainly microbes). Following oxygen depletion,
sitivity to and resilience to (recovery from) hypoxic events. anaerobic respiration is sequentially based on nitrate, man-
We will not cover the consequences of hypoxia on benthicganese and iron (hydr)oxides and sulphates (Fig. 1). This
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Fig. 1. Conceptual model of organic matter (OM) degradation pathways and re-oxidation pathways in marine sediments. Organic matter
degradation involves hydrolysis of macromolecular organic matter and fermentation to smaller compounds. These fermentation products are
used by respiring micro-organisms and methanogens. Oxidants are utilized sequentially, first oxygen, then nitrate, metal oxides and sulphate
Dissolved reduced products (methane, sulphide, manganese (II) and iron (l1)) diffuse upwards and are then oxidized. Some anaerobic re-
oxidation pathways may not yet have been documented or unequivocally shown to be microbial mediated. However, anaerobic oxidation of
methane by sulphate (Boetius et al., 2000) and nitrate (Raghoebarsing et al., 2006), and sulphide by metal oxides (Aller and Rude, 1988) anc
nitrate (Jgrgensen, 2006) has been reported.

sequence is ultimately governed by thermodynamic energysulphide generated partly reacts with reactive iron (dissolved
yield, but it also depends on reaction kinetics and physiologyor particulate) to form iron sulphide (initially acid volatile
of the micro-organisms involved (Burdige, 2006). If all ox- forms and eventually pyrite). Another part of the sulphide
idants have been consumed, organic matter is anaerobicallgenerated will react with organic matter (Ferdelman et al.,
respired and fermented with the result that methane is genert991; Biichert, 1998; Werne et al., 2008) or will end-up in
ated. the oxidative S-cycle. This involves multiple steps of partial

Mineralization of organic matter, in particular anaerobic oxidation to intermediates, some of which are disproportion-

respiration, results in the formation of various reduced sub-ated' I.e. splitting of inorganic molecules into a more reduced

stance such as ammonium, iron (Il), manganese (Il), hy_and oxidized compounds (Jgrgensen, 2006). These interme-

drogen sulphide and methane (Fig. 1). These reduced Sutgi_iate sulfur compounds will stimulate pyrite formation or re-
stances are normally efficiently re-oxidized within sediments@Ct with sedimentary organic matter (Damand de Leeuw,

because they contain a substantial amount of energy thél[990; Weme et al., 2008). Normally, the iron sulphide min-

was originally contained in the organic matter (Jgrgensen,erals and organic sulphur formed in coastal sediments are

1982). This guarantees optimal use of energy resources at tHaéSO oﬂgized effic;entlyl anjj then integ£3t7e7d in1t% theﬁt_)x_ida-
ecosystem level. Ammonium production from organic nitro- tive sedimentary S cycle (Jargensen, )- The efficiency

gen mineralization can be oxidized aerobically by bacteriaOf this part of the sulphur cycle depends on bioturbation (fau-
nal mixing) of reduced particulate sulphur and non-steady

and archaea (Withter et al., 2006) or anaerobically by bac- ) ) . )
teria (Anammox; Strous and Jetten, 2004). Dissimilatory re-State dlagengtlg processes stimulating contact b_etween re-
duction of particulate metal oxides causes release of reduceﬂuced and oxidized compounds (Berner and Westrich, 1985).

iron and manganese in dissolved form. These are in tu”ﬁe—oxidatipn of reduceq sulphur comppqnds may involve
efficiently oxidized by microbes using oxygen or nitrate as oxygt(ejn, nJltrate, metalz%gges ('):r. mclire th|d|zedhsquhur Zom_d
electron acceptors. Sulphate is the second most abundant aounas (Jargensen, ). Finally, the methane produce

ion in seawater and sulphate reduction thus accounts for thé! se_(él_mednts can E_e (I)IX|(_1I|ze(|1 _aerob|cally,_ buftl;[he m_ajonté/
majority of (anaerobic) mineralization in coastal sediments'S ©X!dized anaerobically involving consortia of bacteria an

(Jargensen, 1977, 1982, 2006; Soetaert et al., 1996). Tha'chaea (Boetius etal., 2000).
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(zero oxygen and measurable free sulphide), sulphate reduc-
tion and methanogenesis dominate mineralization because
stocks of particulate oxidants have been exhausted (see be-
low for an explanation) and anaerobic oxidation of methane
coupled to sulphate reduction is the only major re-oxidation
processes (Fig. 3).

Bottom-water oxygen levels have a direct influence on
rates of sediment oxygen consumption, aerobic respiration
and re-oxidation reactions because oxygen gradients across
the sediment-water interface are smaller at low oxygen con-
centrations (Fig. 4a). This dependence of sediment oxy-
gen uptake on sediment oxygen concentrations has been ob-
served on the Louisiana shelf (Rowe et al., 2002, 2008), in
the Black Sea (Friedl et al., 1998) and along the ocean mar-
Fjg. 2 Partitioning qf f:pmr'nunity respiration among graerobjc res- gin off Washington State and Mexico (Hartnett and Devol,
piration (blue)_, denitrification (yellow) and anaerobic respiration 2003) although the overriding control of carbon deposition
fjrl';?i)osz:mgg;bSIgbgttt;m('%%tg oxygen. Based on model SIIrn'may mask oxygen dependencies. Moreover, an oxygen de-

' ' pendency is also consistent with global-scale empirical re-
lations (Cai and Reimers, 1995) and theoretical predictions

Anaerobic mineralization dominates in most coastal sedi-22s€d on the simple models incorporating zero-order uptake
ments because of high carbon loading, creating oxygen dekinetics and diffusive transport (Bouldin, 1968). _
mands that are not balanced by oxygen supply (Soetaert The (_:ont_rlbutlon of denitrification to organic matter min-
et al., 1996). The associated high production rate of re_eral_|zat|on is rather constant_ among oxic, hypoxic and_ anoxic
duced compounds implies a high demand of oxygen for reSettings .(FI.Q: 2), but the individual nitrogen species do
oxidation processes. In fact, most of the oxygen consumptiorsOW @ significant dependence on bottom-water oxygen lev-
in coastal sediments can be attributed to re-oxidation pro€!S- Ammonium effluxes increase significantly when oxygen
cesses with typically less than 25% of the oxygen consumpfoncentrations decline (Fig. 4c), because less of the ammo-
tion being due to aerobic respiration processes (JargenseRiUmM produced is re-oxidized (i.e. nitrified). Higher ammo-
1982; Heip et al., 1995; Soetaert et al., 1996; Glud, 2008)NiUM effluxes under. hypoxic conditions have been reported
This limited importance of aerobic respiration processes for@f & number of settings; e.g. Chesapeake Bay (Kemp et al,,
organic matter mineralization does not imply that bottom- 1990, 2005), the Louisiana shelf (Childs et al., 2002; Mc-
water oxygen, and thus hypoxia, have limited impact on gi-Carthy et al., 2008_) and Danlsh_ coastal systems (Conley et
agenetic pathways (Fig. 2). In fact bottom-water oxygenal-’ 2007)._ These_h!gher_ammonlum efflu_xes are not only due
availability is one of the main factors governing diagenetic t© |€ss efficient nitrification due to hypoxia, but may also be
pathways, sediment biogeochemistry and sediment-water e}€lated to higher mineralization rates and elevated levels of

change fluxes, as well as the animal communities that infludissimilatory nitrate reduction to ammonium (DNRA; Mc-
ence these processes. Carthy et al., 2008). Bottom-water oxygen also has a sig-

nificant effect on nitrate fluxes, but it depends on the bottom-

2.2 The effect of oxygen on diagenetic pathways and Wwater nitrate concentration (Fig. 4b; Middelburg et al., 1996).
sediment-water exchanges In some hypoxic settings low oxygen bottom-waters are ac-

companied by high nitrate concentrations (e.g. eastern Pa-
While discussing the effect of bottom-water oxygen concen-cific borderland basins and shelves), whereas in some other
tration on diagenetic pathways, it is instructive to distinguish settings low-oxygen bottom waters are also low in nitrate be-
among oxic, hypoxic and anoxic settings (Fig. 3) and be-cause it has been consumed already. While most sediments in
tween hypoxic settings with low and high nitrate. Oxic set- oxic settings are a source of nitrate to overlying water, they
tings, i.e. coastal sediments underlying oxie6@uM O; turn into nitrate sinks at low oxygen levels (Fig. 4b). Hy-
>2mgQ/l; >1.4mlQ/l) bottom waters, are character- poxic settings with high-nitrate bottom waters are a stronger
ized by aerobic respiration by microbes and metazoansink than those with low-nitrate bottom waters. This oxygen-
and re-oxidation of reduced components by oxygen as weldependent switch between sediments acting as a sink and
as alternative oxidants. In hypoxic settings6@u M Oo; source for bottom-water nitrate is a clear example of how
<2mgQ/l; <1.4mlGy/l) aerobic respiration and aerobic ecosystem functions may respond non-linearly to changing
re-oxidation processes are diminished, but anaerobic rebottom-water conditions.
oxidation processes still operate based on nitrate and sulphate Rates of denitrification either show a limited dependence
influxes and sedimentary stocks of metal oxides. In permaon bottom-water oxygen or decrease with decreasing oxy-
nently anoxic settings (zero oxygen) and sulphidic settingsgen levels (Fig. 4d). This decrease in sedimentary dinitrogen
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Fig. 3. Conceptual picture of organic matter degradation and re-oxidation pathways in oxic, hypoxic and anoxic marine sediments. Sediments
underlying oxic bottom waters support aerobic respiration and re-oxidation of Mn (Il), Fe $Bdrid CH by oxygen; these processes do

not occur in hypoxic and anoxic sediments. In sediments underlying permanently anoxic bottom waters reactive manganese and iron oxides
stocks have been exhausted and organic matter degradation occurs by sulphate reduction and methane formation. While most of the methar
formed is oxidized anaerobically, hydrogen sulphide may escape the sediments and enter the water column as has been reported in som
systems.

production at low bottom-water nitrate levels can be at-the contribution of metal oxides to organic matter degra-
tributed to a decrease in aerobic nitrification that can onlydation. Moreover, the escape of dissolved manganese (Il)
be partly compensated by nitrate influxes (Fig. 4b). Conse-and iron (II) eventually results in sediments in hypoxic
quently, in hypoxic systems where bottom-water nitrate con-settings that are depleted in manganese and iron relative to
centrations are very low, nitrate influxes can not compensatsediments in oxic settings (Wijsman et al., 2001; Konovalov
for decreases in aerobic nitrification and sedimentary denitriet al., 2007). Manganese-oxides are utilized at higher
fication may become very low (Kemp et al., 1990, 2005). In redox levels than iron-oxides (because of thermodynamics);
anoxic systems with no nitrate in the bottom-water, denitrifi- manganese (ll) is chemically oxidized less efficiently than
cation is consequently absent and most nitrogen is recycledon (Il) (because of kinetics) and manganese oxidation
in the form of ammonium. This ammonium is then oxidized requires microbial mediation (Burdige, 2006). As a conse-
aerobically or anaerobically at redox boundaries in the wa-quence of these differences in basic chemistry, manganese
ter column. Lam et al. (2007) reported anaerobic ammoniumeffluxes and depletion of sedimentary manganese stocks oc-
oxidation (anammox) coupled to archaeal and bacterial nitri-cur at higher bottom-water oxygen levels than those of iron
fication in the Black Sea basin. (Kristensen et al., 2003; Kristiansen et al., 2002). Another
The contribution of particulate oxidants such as difference between sedimentary iron and manganese cycling
manganese- and iron-oxides to organic matter mineraland their dependence on oxygen relates to interactions with
ization depends in a complex way on sediment organicthe sulphur cycle; these interactions are strong for iron and
carbon loading, rates of particle mixing (bioturbation) and weak for manganese. Manganese oxide reduction can be
bottom-water oxygen levels (Thamdrup, 2000; Burdige,coupled to oxidation of reduced sulphur compounds (Aller
2006). As oxygen concentrations in the bottom waterand Rude, 1988), but precipitation of manganese sulphides is
decrease, the thin oxygenated surface layer of sedimerignusual (e.g. Suess, 1979), whereas iron sulphide formation
decreases in thickness with the result that manganese (lig one of the most common and important biogeochemical
and iron (1) diffusing from more reduced layers at depth areprocesses in sediments (Berner, 1984).
less efficiently oxidized in oxygenated surface layers. Con- Sulphate reduction generates sulphide that can react with
sequently, a large proportion of dissolved manganese andeactive iron compounds to form insoluble iron sulphides
iron can escape to bottom waters (Sundby and Silverbergsuch as pyrite. Incorporation of reduced iron in pyrite and
1985; Konovalov et al., 2007; Pakhornova et al., 2007).other sulphide minerals results in less efficient iron recycling.
Less re-oxidation, hence less precipitation of manganes&@he dependence of iron effluxes and recycling efficiencies
and iron oxides, lowers the recycling efficiency and thuson bottom-water oxygen is non-linear (Fig. 5). Under anoxic
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-
s

bottom waters, iron recycling is limited because of trapped

iron in sulphide minerals. Increasing levels of oxygen in bot- 08 __am--—w=--n
tom waters increases iron recycling efficiencies from about ® § °° e -

0.5 in anoxic systems (each mole of iron oxides arriving at Z; | .

sediment surface is used only once) to 0.9 in fully oxic sys- 05 ms

tems, where each iron molecule is cycled many times be- 04
tween the zone of iron reduction at depth and iron oxida- 03
tion in the surface layer (Fig. 5). This recycling efficiency

0.2
primarily depends on bottom-water oxygen levels (Wijsman ! W*—‘\‘\‘\‘\A

et al., 2001) and rates of bioturbation (Sundby and Silver- " © w00 10 0 230 w0 30

berg, 1985; Canfield et al., 1993; Thamdrup, 2000). Iron Oxygen (uM)

effluxes are maximal under hypoxic conditions because iron

is trapped at lower oxygen levels and efficiently recycled andrig. 5. Sediment iron efflux (blue line with triangles) and recycling
retained within sediments at higher oxygen levels (Pakho-fficiency (red dashed line with squares) as a function of bottom-
mova et al., 2007). The manganese and iron mobilized fromwater oxygen for coastal sediments (based on Wijsman et al., 2001).
hypoxic sediments are often transported laterally to either

more oxic settings where oxidation, precipitation and thus

settling occurs or to fully anoxic settings where iron can bein oxic settings (Sundby and Silverberg, 1985) and iron en-
trapped by reaction with dissolved sulphide (Sundby and Sil+ichment in anoxic settings (Wijsman et al., 2001; Anderson
verberg, 1985; Wijsman et al., 2001; Severmann et al., 2008)and Raiswell, 2004; Severmann et al., 2008).

This shuttle of iron and manganese from hypoxic to oxic or  ppggphate and trace elements such as arsenic that are inti-
anoxic settings results not only in iron and manganese deplemately linked to iron oxides are consequently also sensitive
tion of hypoxic sediments, but also in manganese enrichmenjy pottom-water oxygen levels. The sedimentary phosphorus

Iron Flux (mmol m2d?)
and Recycling Efficiency
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cycle involves degradation of organic phosphorus, interacin phosphorus cycling as they facilitate formation of authi-
tion of phosphate with sedimentary iron oxides, dissolutiongenic apatites in hypoxic and anoxic sediments (Schulz and
of fish debris and formation of authigenic apatite (Sundby etSchulz, 2005).
al., 1992; Slomp et al., 1996). The recycling efficiency of
phosphate within sediments depends strongly on the avail-
ability and cycling of iron oxides. Since the iron oxides with 3 The effect of bottom-water oxygen on sedimentary or-
which phosphorus is associated show a strong dependence on ganic matter
bottom-water oxygen levels, a similar strong dependence is
observed for phosphate. High fluxes of phosphate usually ocThe question of whether organic matter is better preserved
cur concurrently with high fluxes of iron, either naturally or under conditions of anoxic bottom water has been much de-
experimentally induced (Sundby et al., 1986), but not alwaysbated in geosciences because of its relevance for understand-
because of iron trapping by sulphides. High phosphate fluxe$hg the functioning of Earth system in the past and the forma-
under hypoxic and anoxic conditions have been reported fotion of oil source rocks (DeMaison and Moore, 1980; Ped-
ocean-margin settings (Ingall and Jahnke, 1997), large to inersen and Calvert, 1990). Much of the discussion has fo-
termediate coastal hypoxia such as found in the Chesapeakaised on unraveling and assessing the relative importance of
Bay (Kemp et al., 2005; Jordan et al., 2008), the Baltic Seabottom-water oxygen levels and high carbon inputs (i.e. pri-
(Conley et al., 2003, 2009) and in smaller coastal systemgnary production) to organic carbon burial in marine sedi-
(Rozan et al., 2002). This oxygen dependency of phosphorusients (Tyson, 1995). These two governing factors are often
cycling has received much attention since the 1940's (Mor-difficult, if not impossible, to disentangle, because high or-
timer, 1941) because of its implication for eutrophication andganic matter loadings usually induce hypoxic or anoxic con-
Earth System dynamics (Wallmann, 2003; Slomp and varditions in bottom waters and hypoxia induces enhanced am-
Cappellen, 2007). monium and phosphate effluxes (see Sect. 2.2) that may sus-
The effect of bottom-water oxygen on sulphur cycling is tain high rates of primary production. The intense debate
primarily related to the oxidative part of the sedimentary S-and many studies have resulted in a large body of knowledge
cycle because sulphate reduction dominates anaerobic mineand much correlative, but unfortunately often inconclusive,
alization in most coastal sediments (Fig. 2; Jargensen, 198Zyvidence. However, the accumulated evidence appears to fa-
Soetaert et al., 1996; Burdige, 2006). Lower bottom-watervor enhanced preservation potential under hypoxic to anoxic
oxygen levels result in less oxidation of particulate and dis-bottom waters (Moodley et al., 2005).
solved reduced sulphur compounds with the result that more Organic matter burial efficiencies (fraction of organic mat-
reduced sulphur is buried (high sulphide retention efficiency;ter buried relative to organic matter delivery to sediments)
Canfield, 1994; Passier et al., 1997) and that sulphide may esorrelate strongly with sediment accumulation rates but at
cape from the sediments to the water columriBrert etal., low to intermediate sediment-accumulation rates burial effi-
2003; Lavik et al., 2009). Hydrogen sulphide release fromciencies are often higher in anoxic and hypoxic than in oxic
anoxic sediments has been reported for permanently anoxisettings (Canfield, 1989, 1994; Middelburg, 1991; Middel-
systems such as the Black Sea and Cariaco basin as well &sirg et al., 1993; Hedges and Keil, 1995), but not always
for more dynamic settings experiencing hydrogen-sulphide(Cowie et al., 1991). Similarly, the organic-matter burial
release events (Namibian coastal upwellingjd@rert et al.,  efficiency correlates strongly with oxygen-exposure time, a
2003, Lavik et al., 2009; the Indian shelf, Nagvi et al., 2006). measure of the depth of oxygen penetration normalized to
Recently, Lavik et al. (2009) reported detoxification of sul- sediment- accumulation rates (Hartnett et al., 1998; Hedges
phidic waters from the Namibian shelf by chemolithotrophs et al., 1999). Oxygen exposure scales linearly with bottom-
(of the y- and g-proteobacteria) in the water column that water oxygen concentrations and organic matter burial effi-
completely consumed the sulphide and created a buffer zoneiency thus depends on bottom-water oxygen. Organic mat-
between toxic, sulphidic subsurface waters and oxic surter content of marine sediments depends strongly on sedi-
face waters. Sediment underlying hypoxic waters with highment texture (i.e. fine grained sediments have higher organic
nitrate concentrations may support microbial communitiesmatter contents). Comparison of sedimentary organic matter
comprised of large, nitrate-storing bacteria suctBaggia-  across gradients and systems (e.g. along the continental mar-
toa spp. Thiomargaritaspp. andThioplocaspp. that cou- gin and river-ocean continuum) therefore requires normaliza-
ple nitrate reduction to reduced sulphur oxidation (Schulztion (Mayer, 1994). The most common method is to express
and Jgrgensen, 2001; igrhert et al., 2003) These sulphur the organic content per unit specific surface area (OC/SS;
oxidizing, nitrate-storing bacteria often occur at high densi-Mayer, 1994; Hedges and Keil, 1995; Hedges et al., 1999).
ties forming thick mats that blanket the sediments. TheseThe rationale is that organic carbon contents correlate with
mats represent specific hypoxic ecosystems that reduce suspecific surface area in sediments underlying oxic bottom
phide effluxes and host specialized protozoan and metazoaraters and that additional organic carbon, i.e. organic car-
fauna (Biichert et al., 2003; Bernhard et al., 2000). More- bon above the mono-layer equivalence(5 to 1 mg C m?;
over, these giant bacteria also appear to a play a major rol&layer, 1994), reflects enhanced preservation. In a detailed
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12 - efficiency at low oxygen levels. First-order degradation rate
A B Anoxic c_opstants for oxm_and_ anoxic degradation b.oth show a sig-
10 | I nificant relationship with the square of sediment accumu-
O Oxic lation rates (Toth and Lerman, 1977; Reimers and Suess,
8 - 1983), but with an offset between oxic and anoxic degrada-
tion. This offset might suggest more efficient mineraliza-
6 1 tion under oxic conditions, but this interpretation has been
questioned because of differences in methodology and dif-
ferences in the age of the material degraded (Middelburg et
al., 1993). Anaerobic mineralization normally occurs after
aerobic mineralization and thus involves the less labile com-
pounds remaining. There have been many laboratory inves-
02 06 10 14 18 22 26 _tigations in yvhich the same orggnic material has been s_ub—
jected to oxic and anoxic conditions. Most of these studies
mg C m2 observed that degradation rates of labile organic matter are
similar under oxic and anoxic conditions (e.g. Lee, 1992;
18 1 Westrich and Berner, 1984). However, there is convincing
16 - B B Anoxic evidence that refractory compounds require oxygen to be de-
14 | 0 Oxic graded (e.g. Kristensen et al., 1995). 'HuIthe et al. (1998).
1 mcubated surface_ and subsurface sediments from a deposi-
tional coastal environment and found that more refractory,
older material may degrade faster when exposed to oxygen,
in particular at low overall mineralization rates (Dauwe et al.,
2001). Moodley et al. (2005) confirmed this oxygen depen-
dence for ancient organic-rich layers from the Mediterranean
and also showed that sulphide accumulation may inhibit min-
eralization. Moreover, reaction of sulphide (or intermedi-

‘ ate sulphur compounds) with organic matter may enhance
-1.4 -1.2 -10 -08 -06 -04 -02 the preservation potential of organic matter (Dagrend de
Leeuw, 1990). Aller (1994) and Aller and Aller (1998)

Degradation Index provided convincing evidence that alternating oxic-anoxic

conditions result in more extensive mineralization than per-

Fig. 6. The effect of oxygen on organic carbon to specific surface manently anoxic conditions. Intermittent oxygen exposure

areag/A) and organic matter quality as reflected in the amino acid may result from alternating bottom-water conditions and an-
based degradation indéR). These data are based on sediment sam-imal activities within sediments, including intermittent bio-

ples collected above, within and below the ocean minimum zone Of]rrigation and partic|e transport from subsurface to surface
the Arabian Sea (Vandewiele et al., 2009). layers.

Count

10 A

Count

o N B~ O
L

T T T T

Laboratory investigations of oxygen influence on degrada-

tion are typically of limited duration (i.e. incubations lasting
study of changes in sediment organic matter across the Pakrom days to few months) and involve modification of in situ
istan margin oxygen minimum zone (OMZ: 140-3200 m), conditions (slurry of plug incubations). Nature has provided
Vandewiele et al. (2009) reported higher organic carbon conys with a few natural experiments in the deep sea that have
tents per unit surface area in sediments underlying hypoxigevealed convincing evidence for a major effect of bottom-
and anoxic bottom water (Fig. 6a). Moreover, organic carbonwyater oxygen on organic matter preservation. Wilson et
contents were not correlated with surface areas as observegl. (1985) reported that organic matter in a relict deep-sea tur-
in oxic settings (Vandewiele et al., 2009). However, for the pidite from the Madeira abyssal plain exhibited little degra-
same sediments, Cowie et al. (2009) demonstrated variabildation over a 140000 yr period when exposed to sulphate,
ity in organic carbon content that was unrelated to oxygenbut that 80% of the carbon was respired within 10000 yr in
with the occurrence of maximal organic carbon contents unthe presence of oxygen. Similarly, Mediterranean sapropels
der relatively oxidizing conditions towards the lower OMZ that have been deposited during periods with lower bottom-
boundary (rather than at the OMZ core). These results indiwater oxygen concentrations showed rapid post-depositional
cate that factors other than oxygen contribute significantly agjegradation of organic matter once normoxic bottom-waters
controls on organic carbon preservation (Cowie, 2005).  were re-established (Thomson et al., 1999; Moodley et al.,

Such elevated OC/SS ratios in hypoxic and anoxic setting2005).

(Fig. 6a) imply a somewhat lower organic matter processing
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Woulds et al. (2007, 2009) and Andersson et al. (2008)4 Bottom-water oxygen, macrobenthos and sediment
experimentally investigated the dependence of carbon pro- biogeochemistry
cessing, including respiration, on bottom-water oxygen con-
centrations across an oxygen-minimum zone. They added-1 Macrobenthos and sediment biogeochemistry

13C labeled phytodetritus to intact Pakistan margin sediments o ) )
containing live benthos (140m to 1800m) and traced thefAnimals living at or in the sediments not only depend on the

transfer of 13C to dissolved inorganic carbon, a measure "€SOUrces and conditions above and Wi_thinthe se(_JIimen_ts, but
of respiration, and to heterotrophs (bacteria, foraminifera@/S0 modify the texture and geochemistry of their environ-
and macrobenthic invertebrates). Phytodetritus processing'€Nt (Meysman et al., 2006). Suspension-feeding animals
was observed at all oxygen levels, but respiration rates wer&@pPture food particles from the water column; the labile frac-
somewhat lower under hypoxic than oxic conditions. How- ion is used for growth and respiration and a more refrac-
ever, this oxygen effect on respiration (based on dissolved©"Y fraction is deposited in the form of faeces or pseudofae-
inorganic carbon release) was secondary to the effect of tem€€S-_This biodeposition flux of carbon to the seafloor varies
perature on respiration (Andersson et al., 2008). Bottom-SPatially due to patchlnessm su_spensmn—feederdlstr|but|ons,
water oxygen however, had a strong effect on the identity®@" locally dqmmate carpon dehvery.to the seaflc_)or and con-
of the organisms involved in carbon processing, with di- stitutes an efficient coupllng of benthlg and pelagic processes
minished metazoan contributions and greater foraminiferafHérman et al., 1999). Animals feeding on resources at the
contributions to carbon assimilation at reduced oxygen conSediment surface (surface-deposit feeders) or within the sed-
centrations (Woulds et al., 2007). Based on faunal re_!ment (surface- and subsurface_—deposn feeders) havg S|gn|f—
sponses to oxygen shifts in time and space, they suggestd@@nt effects not only on organic carbon (by consuming it)
an oxygen threshold between 5 andM for the shift from and .o.ther_ organisms (by grazing and preda’uon),. bl,Jt glso_ via
foraminiferan/bacterial dominance of carbon processing to dnedification of sediment texture and structure, bio-irrigation
significant macrofaunal contribution. and particle mixing (Aller and Aller, 1998; Herman et al.,
Most research on the effect of oxygen on sediment organic:999: Meysman et al., 2006; van Nugteren et al., 2009).
matter has focused on the quantity of organic matter buriedANiMals in and on the seabed influence sediment and solute
but there are also significant effects on the nature and qualProPerties. Animals can alter sediment porosity, permeabil-
ity of the organic matter preserved. Geologists have studied?: Particle size, cohesion, and organic content and, perhaps
the hydrogen index as a measure for preservation of organi@'0ré importantly, their spatial heterogeneity and thus gen-
material and have reported elevated hydrogen indices in secE"@€ niches for smaller organisms (microbes, micro-, meio-
iments underlying hypoxic or anoxic waters (Cowie, 2005). and macrobenthos) (Aller, 1984; Reise, 1985; Levin et al.,
Most biomarkers (organic molecules that serve as a proxy fot997; van Nugteren et al., 2009).
environmental conditions or biogeochemical processes in the Bio-irrigation, the enhanced exchange between pore wa-
past) are better preserved under anoxic than oxic bottom walers and overlying water column, is the result of active or pas-
ters, implying enhanced preservation (Hoefs et al., 2002; SinSive burrow flushing as well as pumping to fluidize sediments
ninghe Damt et al., 2002). Vandewiele et al. (2009) studied to facilitate penstaltlc_ burrowing. Anlmals living in tube;
the amino-acid composition of sediments across the oxygen@"d burrows flush their burrows to obtain oxygen for respira-
minimum zone of the Pakistan margin in the Arabian Sea andion (Aller, 2001). Bio-irrigation has many biogeochemical
used the degradation index (Dauwe et al., 1999) to quantify’oNSequences; it results in the enhanced transport of oxygen
organic matter quality. Sediments deposited under hypoxidt© the sediments and consequently enhanced rates of aero-
conditions were characterized by higher DI values than thos®IC réspiration (Archer and Devol, 1992). It also causes en-
deposited under oxic conditions on the shelf and in the deefianced exchange of nutrients and other metabolites, although
sea (Fig. 6b). Vandewiele et al. (2009) attributed this differ- (e actual sign and magnitude depends on a complex num-
ence in organic matter quality to differences in preservationPer Of interacting factors, including the identity, density, and
and bacterial processing. Accordingly, sediments deposite@€Pth distribution of animals (Aller, 2001). For instance, bio-
under low-oxygen bottom waters are characterized by highel'fi9ation may stimulate nitrification by supply of oxygen,
amounts of organic matter that is also of higher quality. How-Put may also stimulate effluxes of ammonium and nitrate
ever, most examples presented in this section are from oceatith the result that the net effect on nitrogen cycling (nitrifi-
margin and deep-sea environments, i.e. more stable dep&ation. denitrification and anammox) depends in a complex
sition regimes, and it remains to be seen whether bottomWaY On bio-irrigation (Aller, 2001). Bioirrigation also stim-
water oxygen concentrations play such a prominent role inulates_ pat_chln_es_s in g_eocher_nlcal cond|_t|ons and thus can act
dynamic, alternating oxic-anoxic settings (Aller, 1994). For to ma.mtam. b|od|ver5|ty W|th|n. the sediment by creating a
instance, Hartnett et al. (1998) have shown very high vari-T0Saic of biogeochemical habitats and rqte processes (Wald-
ability (from near zero to>60%) in burial efficiencies of busser et al., 2004; Waldbusser and Marinelli, 2006).

coastal sediments with short oxygen- exposure times.
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Bioturbation, the enhanced dispersal of particles result+espiration and re-oxidation of reduced compounds typically
ing from sediment reworking by burrowing animals, is due drives pH down at the same time it drives oxygen down, an-
to tube construction, burrowing, feeding and relocation ofimals with carbonate skeletons or shells (e.g. echinoderms
animals (Meysman et al., 2005, 2008). Particle displace-and many mollusks) may be negatively affected. Depend-
ment has many consequences for sediment biogeochemistring on the severity and duration of hypoxia, nearly complete
e.g. labile organic matter is transported downward and di-mortality of the benthic fauna can occur in coastal settings
luted into a larger pool of refractory carbon and metal ox- seasonally (e.g. Mountford, 1977). However, commonly
ides delivered to or formed in the surface layer may be transsmall macrofauna and meiofauna will persist (Levin, 2003;
ported downward to more reduced layers (Sundby and SilverNeira et al., 2001; Sellanes et al., 2003; Sellanes and Neira,
berg, 1985; Thamdrup et al., 1994; Ferro et al., 2003; Bur-2006; Sellanes et al., 2007); often these are opportunistic
dige, 2006). Conversely, reduced products such as iron sultaxa with short generation times (Dauer et al., 1992). Under
phide (pyrite) may be mixed from subsurface to surface lay-severe dysoxia or anoxia, flamentous, mat-forming bacte-
ers where they are then oxidized by oxygen, nitrate or otheria (Jargensen and Gallardo, 1999), calcareous foraminifera,
oxidants (Berner and Westrich, 1985; Aller and Rude, 1988;nematodes and branchiate, and soft-bodied annelids are typ-
Meysman and Middelburg, 2005). Accordingly, sedimentaryically favored (reviewed in Levin, 2003; Guttierez et al.,
iron and manganese cycling depend strongly on particle mix2008). High surface area to volume ratios enhance oxygen
ing as particulate metal oxides are transferred downwards taliffusion; such ratios are imparted by long thin morpholo-
more reduced layers and particulate reduced forms (pyritegies and masses of tentacles, palps or branchiae (Lamont and
manganese carbonates) are mixed upwards to zones of r&age, 2000).
oxidation (Thamdrup, 2000; Burdige, 2006). Sedimentary Species and functional diversity of benthic faunas are re-
sulphur and phosphorus cycles also depend strongly on bioduced under hypoxic conditions. Reduced species rich-
turbation because they are tightly linked to particulate ironness is accompanied by high dominance; communities may
phases (see Sect. 2). be comprised of a very few, but highly abundant species.

Other effects of sediment-dwelling animals include the en-Usually surface-deposit feeders are favored over subsurface
hancement of surface biofilms and mucous deposition, whictor suspension feeders (e.g. Gutierrez et al., 2000; Levin
may alter biogeochemical fluxes and create highly reactiveet al., 2000), although some carnivorous, epifaunal species
substrates. The potential of animals, their exudates and thefuch as polynoid polychaetes may persist. Large sediment-
structures to alter surface roughness, critical erosion velocidwelling megafauna such as thalassinid shrimp, echiurans,
ties and other stability properties (Widdows et al., 2004) allenteropneusts, and burrowing bivalves and sipunculans are
feed back to many of the properties discussed above. important sources of hetereogeneity, creating multiple micro-

niches for smaller taxa (Reise, 1985). They are lost at
4.2 Effect of oxygen on macrobenthos and conse- reduced oxygen levels and sediment assemblages become

guences for sediment biogeochemistry much more homogeneous (Levin et al., 2000). Loss of struc-

tures formed by foundation species such as seagrass beds
Hypoxia affects the behavior, physiology, and ecology of (Duarte, 1995; Burkholder et al., 2007), oyster reefs (Bre-
soft-bottom invertebrate communities in ways that translateitburg et al., 2001) or mussel beds (Mee et al., 2005) also
ultimately to reduced bioirrigation and bioturbation and loss reduces heterogeneity, curtails benthic-pelagic coupling and
of structural spatial heterogeneity and surface roughnessexacerbates hypoxia-induced species loss.
While standard definitions of hypoxia are often given, thresh- The above changes described for sediment communities
old effects vary among taxa, life stages, and settings, anaorrespond to reduced rates of solute pumping and particle
sublethal effects often occur at much higher oxygen lev-mixing and a shallowing of irrigation and particle-mixing
els (e.g. 10M) (Vaguer-Sunyer and Duarte, 2008; Levin activities within the sediment column (Aller, 1980; Rhoads
et al., 2009a, b). At the most fundamental levels, a shiftand Boyer, 1982; Nilsson and Rosenberg, 2000). At shelf
from normoxia to hypoxia will result in migration (away) and upper bathyal depths, tube builders often predominate
of large, mobile invertebrates, mortality of selected taxa,over deep burrowers under hypoxic conditions (Pearson and
emergence and a shallowing of infaunal activities within the Rosenberg 1978; Wheatcroft, 1989), but this is not always
sediment column of all but the most hypoxia-tolerant taxathe case. Animal activities in tubes can aerate the tube in-
(Pihl et al., 1992; Rabalais et al., 2001a, b; see also Levirterior and surrounding sediments, but surface-deposit feed-
et al., 2009). Hypoxia lowers the density and biomass ofers dwelling in tubes typically defecate on the surface and
megafaunal- and selected macrofaunal-size organisms, leadarry out less vertical bioturbation than mobile burrowers.
ing to a smaller community body-size structure (Levin 2003; Despite the inhibition of burrowers in many hypoxic settings
Quiroga et al., 2005). Echinoderms and most crustaceanéPearson and Rosenberg, 1978; Gutierrez et al., 2000), under
are particularly affected by oxygen depletion, while annelids,nearly anoxic conditions, symbiosis allows gutless, burrow-
mollusks and cnidarians are typically more tolerant (Rosen4ing oligochaetes to persist and bioturbate sediments on the
berg et al., 1991; Diaz and Rosenberg, 1995). Becaus®eru margin (Levin et al., 2003). At the extreme, anoxia
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involves a complete halt of bioturbation and the formation The consequences of hypoxia-induced macrofauna diver-
of sediment laminae (Rhoads and Boyer, 1982; Schaffnesity loss on biogeochemistry are multiple but poorly docu-
et al., 1992). The palaeo literature is replete with discus-mented. Many studies have examined the relationship be-
sion of oxygen effects on trace (ichno) fossils and laminationtween macrofauna diversity and sediment metabolism or
(Rhoads and Morse, 1971; Savrda et al., 1984; Savrda ansediment-water exchange fluxes These studies showed that
Bottjer, 1987, 1991). Trends in abundance, size, diversityanimal-diversity-biogeochemistry relationships are highly
and vertical distribution mirror those discussed for moderncomplex. They can be linear or non-linear (Mermillod-
faunas (see Gooday et al., 2009). Loss of fauna combinedlondin et al., 2005; Norling and Kautsky, 2007), idiosyn-
with development of thick bacterial mats that inhibit diffu- cratic and depend on the context (Emmerson et al., 2001;
sion of oxygen from the overlying water can lead to more Rossi et al., 2008), and vary with species identity, biomass
stagnant conditions and buildup of microbial wastes (ammo-and density (e.g. Aller and Yingst, 1985; leno et al., 2006;
nium, sulphide), creating an environment inhospitable to aerWaldbusser and Marinelli, 2006; Marinelli and Williams,
obic eukaryotes. However the interplay of oxygen, tempera2003). Most of these studies were based on analyses of sin-
ture, sulphide buildup and food availability appears to modu-gle species or artificially constructed assemblages of species.
late the responses of benthic communities to specific oxygemRecently, Rossi et al. (2008) investigated diversity — biogeo-
conditions (Olenin, 1997; Levin et al., 2009a; Vaquer-Sunyerchemistry relationships during macrofaunal recovery after
and Duarte, 2008). deliberately induced anoxia. They showed that differences
The hypoxia-induced changes in benthic communityin diversity due to hypoxia result in differences in sediment-
structure and functioning have major consequences for sedwater exchange fluxes of nutrients. Sediment-water ex-
iment biogeochemistry via their effects on the intensity andchange fluxes are governed by the balance between fauna-
depth distribution of bio-irrigation and particle mixing, and generated transport processes and microbe-mediated trans-
changes in flow dynamics at the sediment-water interfaceformation processes (Meysman et al., 2005, 2006). To under-
These interactions among hypoxia, benthos and biogeochenstand faunal diversity effects on sediment biogeochemistry
istry are complex and often non-linear (e.g. Aller, 2001). therefore requires unraveling the effect of fauna on microbes
In shallow waters, interface and surface-deposit feeders areia transport processes and food-web interactions (bacterial
generally favored over subsurface-deposit feeders if bottomgrazing), and understanding the feedback of microbes on fau-
water oxygen levels decline (Pearson and Rosenberg, 1978l functioning. For instance, sulphate-reducing microbes
Levin et al., 2009b). Particle mixing and bio-irrigation are generate sulphide that is toxic for many animals or that may
consequently restricted to surface layers of sediment. Conimpede their functioning (Hargraves et al., 2008), while re-
sequently, less organic matter is mixed downward and moreluced sulphur oxidizing or sulphur disproportionating bac-
labile organic matter is degraded at the surface, i.e. within theeria detoxify the sediment so that is habitable for animals
zone in diffusional exchange with the overlying water. This (Pearson and Rosenberg, 1978; Levin et al., 2009). Before
shortening of diffusion distances implies more efficient re- we can understand the effect of oxygen via metazoan diver-
generation of nutrients (Aller and Aller, 1998). Shallower sity on sediment biogeochemistry, it is necessary to elucidate
particle mixing also implies less efficient re-oxidation of the many trophic, competitive and non-competitive interac-
iron sulphide formed at depth in the sediment. Sulphidetions between fauna and microbes (e.g. competition for labile
burial and retention efficiencies increase at the expense of resrganic matter, facilitation of transport via bioturbation, cre-
oxidation because the latter requires particle transport fromation of niches via burrow construction, grazing etc.; Levin
the reduced, deeper to oxygenated, surface layers (Bernat al., 1997; Meysman et al., 2005, 2006; Rossi et al., 2008,
and Westrich, 1985). Loss of irrigating animals likely low- 2009).
ers oxygen uptake because their consumption rates are often
transport limited in coastal systems with abundant quantities
of labile organic matter (Glud, 2008). Whether the loss of 5 Dynamics of sediment biogeochemistry and coastal
bioirrigation activity results in an increase or decrease of am-  hypoxia
monium, manganese and iron effluxes is largely unknown
and is system-specific because it depends on the balandel Pelagic-benthic coupling and coastal hypoxia
between reduced re-oxidation (due to reduced oxygen sup-
ply) and reduced removal of metabolites by burrow flushingCoastal systems are characterized by the presence of an ac-
(Aller, 2001). Metabolites may accumulate in pore-waterstive benthic component interacting closely with the pelagic
if bio-irrigation is less or shallower due to hypoxia. Accu- compartment (Soetaert et al., 2000). Understanding coastal
mulation of metabolites in pore-water may prevent settlinghypoxia therefore requires not only consideration of sedi-
of other organisms and in this way have consequences foment and water column biogeochemical processes but also
population dynamics, ecosystem functioning and sedimenhow their coupling changes as a function of bottom-water
biogeochemistry (Marinelli and Woodin, 2002). oxygen conditions. In Sect. 2 we have seen that as
bottom-water oxygen levels decrease, aerobic degradation
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and re-oxidation reactions become less important and everet al., 2002; Peru shelf; Gutierrez et al., 2008; Santa Bar-
tually may take place only in the water column. Initially ni- bara basin; Sholkovitz and Gieskes, 1971) or deliberately
trate may accumulate in hypoxic bottom waters (as observeéhduced oxidation events (Luther et al., 2004). Each inter-
in low-oxygen waters of the Eastern Pacific Basin) becauseuption of the longer-term evolution to anoxic bottom water
nitrification in bottom waters (rather than sediments) outbal-results in re-introduction of biogeochemical processes occur-
ances enhanced nitrate uptake by the sediments (Soetaert aridg at higher oxidation levels. For instance, advection of
Middelburg, 2009). However, during prolonged periods of oxygenated North Sea water into the Baltic sea anoxic basins
hypoxia, nitrification shallows in the water column and bot- results in a cascade of reactions with consequences for nitro-
tom waters become low in nitrate with the consequence thagen cycles (Voss et al., 1998), formation of particulate man-
sediment denitrification decreases (Kemp et al., 1990, 2005ganese and iron oxides and cycling of phosphorus and sul-
Childs et al., 2002). This loss of denitrification implies a phur (Yakushev et al., 2007). Similar, responses have been
higher recycling efficiency of nitrogen at the ecosystem levelreported for intrusions of Mediterranean water into the upper
and may sustain or enhance algal blooms (Kemp et al., 2005part of the Black Sea (Glazer et al., 2006). Temporal vari-
Hypoxia also results in release of manganese (ll), iron (Il)ability in bottom-water oxygen levels can have major con-
and elements such as phosphorus that are intimately linkedequences for iron and manganese biogeochemistry of sedi-
to metal oxides in the water column. These reduced metalsnents (Lyons et al., 1993; Wijsman et al., 2001; Kristensen
are transported to the redoxcline in the water column whereet al., 2003), but the nature of the response depends strongly
(microbial) oxidation occurs (e.g. Black Sea; Konavalov et on previous exposure time to hypoxic or anoxic bottom wa-
al., 2006; Lewis et al., 2007; Cariaco Basin; Percy et al.,ters.
2008). Part of the phosphate released from sediments will
attach to the newly formed iron oxides (Shaffer, 1986), an-5.2 Duration of exposure to hypoxia matters for biogeo-
other part may sustain or enhance algal blooms (Rozan etal.,  chemical response
2002; Kemp et al., 2005). This enhanced recycling of am-
monium and phosphate under hypoxic bottom-waters mayThe effect of bottom-water oxygen on sediment biogeochem-
lead to secondary eutrophication phenomena (Cloern, 2001stry has so far been discussed based on a steady-state con-
Kemp et al., 2005), including harmful algal blooms (Ma et cept. However, hypoxia may last from hourly events to cen-
al., 2006). This hypoxia-related enhanced regeneration ofuries and the governing sedimentary biogeochemical pro-
nutrients, in particular phosphorus, and basin-wide consecesses will be different. Moreover, the response to decreas-
quences for plankton communities and biogeochemical proing or increasing oxygen levels may depend on the initial
cesses have been very well been documented in the Balticondition and history of bottom-water oxygen contents. The
Sea (Conley et al., 2009). temporal response to bottom-water hypoxia is similar to the
Little oxidation of reduced sulphur occurs in sediment biogeochemical depth distribution observed in sediments un-
underlying anoxic bottom waters and part of the hydrogenderlying oxic bottom waters (Fig. 1). Kristensen et al. (2003)
sulphide escapes sediments and is then oxidized in the waand Kristiansen et al. (2002) studied the response of sandy
ter column (Black Sea; Konovalov et al., 2006; Cariaco coastal sediments to hypoxia and observed first manganese
Basin; Taylor et al., 2001; Delaware Inland Basins; Lutherreduction and gradual disappearance of manganese oxides,
et al., 2004; Mariager Fjord; Zopfi et al., 2001; Namibian then iron reduction and disappearance of iron oxides and
shelf; Lavik et al., 2009). This oxidation of reduced sulphur finally release of hydrogen sulphide from the sediments.
may occur aerobically or anaerobically with nitrate, resulting These controlled laboratory experiments were limited to a
in an anoxic layer that separates oxic and sulphidic waterone month period. The development of hypoxia in many
(Lavik et al., 2009). Moreover, Konovalov et al. (2003) have coastal systems is seasonal, i.e. oxygen concentrations grad-
reported catalytic manganese oxide cycles in suboxic zonegally decline after a spring/early summer plankton bloom,
that are important to oxidation of sulphide. These oxidationremain low for several months and then increase again (Dan-
processes can take place below and in the photic zone. Greash coastal systems; Conley et al., 2007; coastal lagoons;
pigmented sulphur oxidizing bacteria require light and hy- Ritter and Montagna, 1999, Rozan et al., 2002; Chesapeake
drogen sulphide and are often found in the lower part of theBay; Officer et al., 1994; Kemp et al., 1990, 2005; Louisiana
photic zone where hydrogen sulphide diffuses from belowShelf; Rabalais et al., 1994, 2001, Eldridge and Morse, 2008;
(e.g. Black Sea; Overmann et al., 1992; Dawedtal., 1993).  Indian shelf; Naqvi et al., 2000). The decrease in bottom-
This temporal evolution from oxic, via hypoxic, to anoxic water oxygen levels may cause a switch from nitrate effluxes
bottom-water conditions and the associated transition oto influxes (Kemp et al., 1990; Cowan and Boynton, 1996),
anaerobic respiration and re-oxidation reactions from seda decrease in denitrification during summer because of low
iments to the water column can develop over very longnitrate levels in bottom waters (Kemp et al., 1990; Con-
times. It eventually results in permanent anoxia as seen iley et al., 2007), enhanced release of ammonium and phos-
the Black Sea and Cariaco Basin (Da@et al., 2003), but phate (Cowan and Boynton, 1996; Rozan et al., 2002; El-
can also be interrupted by natural (e.g. Baltic Sea; Conleydridge and Morse, 2008) and eventually hydrogen sulphide
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Fig. 7. (a) Conceptual model of benthic community response to hypoxia (based on Diaz and Rosenberg, 2008). Trajectory | occurs when
benthos is exposed to moderate hypoxia, trajectory |l occurs when animals die upon increasing hypoxia and trajectory Il represent the return
path from anoxia and involves successional dynamics of fa@imaConceptual model of ecosystem functioning/biogeochemical process
recovery following anoxia and associated mortality of organisms.

accumulation in bottom waters (Luther et al., 2004). Thethe overlying water, may influence long-term system behav-
duration, intensity and frequency of hypoxia play a majorior. Soetaert and Middelburg (2009) explored the response
role as coupled nitrification-denitrification can be restored toof hypoxic coastal systems to lowered nitrogen loadings and
previous levels during seasonal hypoxia, while after a longconcluded that internal nitrogen loading (sediment nitrogen
period of anoxia (with loss of faunal groups) denitrification release) delays nitrogen restoration. Similar delays in system
will remain low following re-oxygenation of the water col- recovery to reduced-phosphorus loadings by internal loading
umn (Hietanen and Lukkari, 2007; Conley et al., 2009). in the sediment have been shown for certain lakes (Jeppesen
Katsev et al. (2007) studied the response of St. Lawrencet al., 2005). Turner et al. (2008) investigated the sensitiv-
River estuary sediment to progressive oxygen depletion oveity of Gulf of Mexico hypoxia to nitrogen loading and ob-
a decadal timescale. They calibrated a dynamic diagenetiserved that organic matter and nitrogen accumulated in sedi-
model with data acquired over the last 30 years and thenment from previous years had increased the potential hypoxia
made model projections for the next 80 years (i.e. the periodievelopment for a given nitrogen input to the system. A simi-
remaining before the system will turn anoxic given present-lar legacy of eutrophication has been reported for phosphorus
day decreases in oxygen concentrations). Consistent wittbadings in the Baltic Sea (Conley et al., 2002).
short-term and seasonal responses to oxygen depletion, they
predicted enhanced accumulation of iron sulphides, effluxe$.3 Dynamics of faunal response to hypoxia and sedi-
of iron (Il) and manganese (ll) and rather uniform levels ment biogeochemistry
of denitrification (consistent with Figs. 2 and 4). However,
model-predicted phosphate effluxes were also rather conThere is an extensive literature on the dynamical response of
stant because the seasonal iron-phosphate buffer is not effefauna to hypoxia (Diaz and Rosenberg, 1995, 2008; Levin
tive and phosphate effluxes balance the differences betweest al., 2009a), which is beyond the scope of this paper fo-
phosphorus deposition and burial (Katsev et al., 2007). cusing on the consequences for biogeochemistry. However,
This study also highlighted another aspect of sediment bioit is important to recognize and discuss the essential differ-
geochemical response to slowly decreasing oxygen levels iences in trajectories of benthic communities going from oxic
bottom waters; i.e. the time required to reach steady-statéo anoxic conditions and those shifting from anoxia and hy-
is much longer than the actual period of decreasing oxygerpoxia to normoxia. Figure 7a shows a conceptual model
levels. This indicates that steady-state approaches should besed on Diaz and Rosenberg (2008) for the response of ben-
adopted with some reservation and that diagenetic history inthic communities to increasing hypoxia. Benthic communi-
fluences the actual response. Because of its storage capaiies exposed to hypoxia of moderate intensity do show signs
ity for particulate and dissolved components, sediment is arof community structure change, but upon return of normal
important reservoir and by slowly exchanging material with oxygenated bottom waters the benthic community returns to
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its initial state (trajectory | in Fig. 7a). This resilience of (sulphur) compounds that have accumulated during anoxic
benthic communities depends not only on the intensity of hy-periods. Complete elimination of fauna results in enhanced
poxia, but also on the temporal and spatial scales of hypoxiaaccumulation and retention of reduced sulphur in sediments.
Recovery from small-scale hypoxic events is usually fast be-nitial colonizers have to deal with high sulphide concen-
cause of animal migration (as adults or larvae) from adjacentrations that are toxic to many species and appearance of
areas (Norkko et al., 2006). Long-term exposure to sever@ther species may in part depend on the detoxification of
hypoxia and anoxia causes mortality of animals (trajectory lIstrongly reduced sediments by shallow bioturbators (Pear-
in Fig. 7a) and most metazoans are eventually eliminated. Ifon and Rosenberg, 1978; Rhoads, 1974) or by sulphide-
the areal cover is extensive, the surroundings can no longeoxidizing microbes. Figure 7b shows a conceptual model
provide source propagules. The recovery trajectory (Il infor recovery of biogeochemical processes following a pe-
Fig. 7a) from severe hypoxia or anoxia is different than theriod of severe hypoxia or anoxia with elimination of animals.
decline path because the recovery involves successional dyiogeochemical processes that primarily depend on molec-
namics (colonizing opportunistic species are eventually re-ular diffusion of dissolved oxidants such as oxygen are ex-
placed by equilibrium species; van Colen et al., 2008; Rosspected to become established within one-two days depending
et al. 2008, 2009). This hysteresis due to macrobenthos momen the diffusion distance and the dynamics of the microbes
tality and recovery involving succession occurs when the du-involved. Montserrat et al. (2008) showed that benthic mi-
ration and/or intensity of hypoxia is high (Rosenberg et al.,croalgal communities were reestablished within two weeks
2002). There is thus an oxygen threshold below which hysfollowing anoxia for more than 6 weeks. Biogeochemical
teresis in macrofauna community recovery occurs. Dependprocesses that depend on interface feeders and shallow bio-
ing on the system, the duration and intensity of hypoxia, theturbators are expected to recover on time scales of weeks to
recovery may take many years (Diaz and Rosenberg, 2008)months, while microbial processes that depend on particle
During initial stage of hypoxia there are behavioural and mixing or pore-ventilation by large, deep living animals may
physiological adaptations of organism such as shallowing oheed years to fully recover (Fig. 7b). While there are very
deposit-feeding organisms (Pearson and Rosenberg, 1995w data to support or falsify this conceptual model for re-
and enhancement of pore-water ventilation rates to main€overy of biogeochemical processes, it is clear that microbial
tain oxygen in the burrows (Forster et al., 1995). These betecovery, despite the inherent fast turnover of microbial pop-
havioural changes have consequences for bioturbation andlations, may take months because their recovery depends on
bio-irrigation modes, intensities and depth-distribution pat-the return of animal-induced transport processes.
terns. However, when the hypoxia threshold has been passed While biogeochemical processes in hypoxic waters and
and animals experience mortality, then biologically-inducedsediments of the coastal zone are complex, they hold great
particle mixing and solute transport rates become zero, withsignificance for many large-scale phenomenon of concern.
major consequences for sediment biogeochemistry. The re©n short time scales, cycles of nutrient regeneration, pri-
installment of bioturbation and bioirrigation during macro- mary, secondary and fisheries production are all affected
fauna recovery has not been studied but these fauna-mediatdxyy biogeochemical pathways. On longer times scales, car-
transport modes will depend on the system-specific succedson sequestration and burial and even the formation of en-
sional dynamics. The first colonizers are often small-sizedergy reservoirs are under biogeochemical control, with mi-
interface/surface deposit feeders (Rhoads, 1994; van Colecrobes as the primary agents of change. As global change
et al., 2008) and bioturbation will consequently be shallow brings declining oxygen concentrations in coastal and shelf
and limited (bioturbation intensity scales with size squared;waters, greater understanding of animal-microbe interactions
Meysman et al., 2003). Subsurface- deposit feeders andnd feedbacks under different oxygen scenarios, and their
large, deep-burrowing animals appear later in the recoverynediation of biogeochemical processes, will facilitate pre-
trajectory and then bioturbation and bio-irrigation activities dictions, conservation and management of coastal resources.
are expected to increase. Biogeochemical modellers have
employed linear and highly non-linear dependencies of bio/AcknowledgementsiVe thank SCOR for supporting the working
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