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Abstract 

This thesis investigates how benthic fluxes of phosphorus (P), nitrogen (N), 

and silicon (Si) change upon oxygenation of anoxic soft bottoms in the 

brackish, eutrophicated Baltic Sea. Direct measurements in situ by benthic 

landers demonstrated that fluxes of dissolved inorganic P (DIP) from anoxic 

bottom sediments in the Eastern Gotland Basin are higher than previously 

thought (Paper I). It is argued that the benthic DIP flux has a much larger 

influence on the DIP inventory in the Baltic proper than the external sources. 

Similarly, benthic fluxes of DIP and dissolved inorganic N (DIN) from an-

oxic sediment in the coastal Kanholmsfjärden Basin, Stockholm archipelago, 

were sufficiently high to renew the pools of these nutrients below the upper 

mixed layer in roughly one year (Paper II). 

 

A natural inflow of oxygen rich water into the deep, and previously long-

term anoxic part of Kanholmsfjärden Basin, increased the P content in the 

sediment by 65% and lowered DIP and dissolved silica (DSi) concentrations 

in the pore water. These changes, as well as the large increases in benthic 

effluxes of these solutes following de-oxygenation of the bottom water, sug-

gest that they are influenced similarly by changing oxygen conditions. 

 

Experimental results in papers III and IV show that common benthic 

macrofauna species in the Baltic Sea can stimulate benthic release of DIN 

and DSi, as well as dissolved organic and particulate bound nutrients. Thus, 

if benthic oxygen conditions would improve in the Baltic, initial effects on 

benthic–pelagic nutrient coupling will change due to animal colonisation of 

currently azoic soft bottoms. 

 

A new box corer was designed (Paper V) which can be used to obtain highly 

needed virtually undisturbed samples from soft bottom sediments – if low-

ered slowly and straight into the bottom strata – as demonstrated by in situ 

videography and turbidimetry. The commonly used USNEL box corer 

caused severe biasing during sediment collection. 



 

Sammanfattning 

I denna avhandling studeras närsaltsflöden över sediment-vattenytan i Öster-

sjön, ett eutrofierat innanhav som är kraftigt påverkat av dåliga syreförhål-

landen i bottenvattnet. Huvudfokus har varit att undersöka hur flöden av 

näringsämnena fosfor (P), kväve (N) och kisel (Si) från bottensediment i 

egentliga Östersjön skulle förändras om syreförhållandena i bottenvattnet 

förbättrades.  

Direkta mätningar med så kallade bottenlandare visade att P-flöden från 

långvarigt syrefria mjukbottensediment i östra Gotlandsbassängen var högre 

än i tidigare uppskattningar (Paper I). Den vida utbredningen av dylika mil-

jöer gör att fosfortillgången i egentliga Östersjön idag huvudsakligen regle-

ras av fosforflöden från botten och i betydligt mindre utsträckning av P-

tillförsel från land. Landarmätningar i Kanholmsfjärden, Stockholms skär-

gård, gav liknande resultat (Paper II). Den ackumulerade årliga frisättningen 

av löst oorganiskt P (DIP) och löst oorganiskt N (DIN) från sedimentet i den 

syrefria bottenmiljön, motsvarade närsaltsmängderna i Kanholmsfjärdens 

vattenmassa under 20 m.  

En naturlig, tillfällig syresättning av Kanholmsfjärdens bottenvatten med-

förde ökad fastläggning av P i det ytnära bottensedimentet. Samtidigt mins-

kade koncentrationerna av DIP och löst silikat (DSi) i bottens porvatten. 

Dessa förändringar indikerar att bottens förmåga till att kvarhålla DIP och 

DSi ökade när bottenvattnet syresattes. När vattnet återigen blev syrefritt 

uppmättes betydligt högre flöden av DIP och DSi från bottensedimentet än 

tidigare, till följd av att P och Si som bundits till sedimentet frisattes till den 

fria vattenmassan (Paper II).  

Varaktigt förbättrade syreförhållanden i Östersjön skulle innebära att nu-

varande ”döda” bottnar koloniserades av bottenlevande djur. De experimen-

tella studierna (Papers III–IV) visade bland annat att en sådan kolonisation 

kan öka frisättningen av DIN, DSi, löst organiskt P och N samt partikulärt 

bundet P från bottensediment. 

En ny bottenprovtagare (box corer) presenteras i Paper V. Videodoku-

mentation och turbiditetsmätningar visar att den med fördel kan användas för 

insamling av ostörda sedimentprover. En annan box corer (USNEL) som 

ofta använts under de senaste 40 åren var förknippad med allvarliga stör-

ningar vid provtagning av bottensediment.  
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2. SCOPE 

The overall aim of the present thesis was to study the influence of benthic 

oxygen conditions on nutrient fluxes bottom sediments of the Baltic proper. 

The work was conducted as part of a larger project (the BOX project) aimed 

to evaluate the feasibility of deep water oxygenation as means to strengthen 

sedimentary phosphorus (P) sinks and improve environmental conditions in 

the Baltic Sea. One previous Ph.D thesis related to the BOX project has been 

presented (Viktorsson 2012). 

 

Two main objectives are:  

 

 Quantification of benthic nutrient fluxes in the Baltic proper un-

der present-day anoxic conditions (Papers I, II and IV). 

 

 Investigate immediate and potential long-term changes of ben-

thic nutrient fluxes following oxygenation of anoxic bottom wa-

ter in the Baltic proper (Papers II–IV), including effects due to 

macrofaunal colonisation (Papers III–IV). 

 

Fulfilment of the second objective required methodological advances of soft 

bottom sediment sampling (Paper V). 



11 

 

3. INTRODUCTION 

The law of conservation of matter states that “matter can be neither created 

nor destroyed”1. Thus, finite amounts of life essential elements – such as 

carbon (C), nitrogen (N), phosphorus (P), oxygen (O) and silicon (Si) – cycle 

through the geospheres of Earth, and have done so throughout the history of 

the world (Jacobson et al. 2000). Anthropogenic activities such as the burn-

ing of oil and production of fertilizers have affected these cycles to an extent 

(Galloway et al. 2004; Ciais & Sabine 2013) which poses threats to ecosys-

tems and human societies (e.g., Vitousek et al.1997; Bennett et al. 2001; 

Walther et al. 2002; Cordell et al. 2009; Rockström et al. 2009; IPCC 2014). 

The study of biogeochemical cycles and how they influence ecosystems is 

therefore becoming increasingly motivated. 

 

The World Ocean cover 71% of the Earth’s surface (Menard & Smith 1966). 

The sea-floor is dominated by soft bottom sediments (Davies & Gorsline 

1976). These areas habit a great diversity of macro-, meio- and microorgan-

isms (Snelgrove 1999), and are key sites in biogeochemical element cycling. 

Soft bottom sediments are formed by deposition of particles with biogenous, 

lithogenous or hydrogenous origin (sensu Goldberg 19542). The water phase 

in between the particles is referred to as pore water or interstitial water.  

 

In accumulation settings, particles are continuously buried deeper into the 

sediment, as new matter gets deposited to the sediment surface. Such sedi-

mentary burial constitute long-term sinks for biogeochemical elements. On 

geological time scales, some of the buried matter in certain environments 

will eventually be transformed to oil, minerals and metamorphic rock deep 

below the sediment surface (Tissot & Welte 1984). Sediment accumulation 

rates range from an order of a few millimetres per millennia in the vast areas 

of the deep oceans (Ku et al. 1968), up to one, or even around 10 millimetres 

annually in marine coastal and shelf areas (Chanton et al. 1983; Harnett et al. 

1998; Ståhl et al. 2004a; Hille et al. 2006). Even though continental margin 

sediments cover less than one fifth of the world oceans (Walsh 1984), their 

high rates of accumulation and burial make them significant repositories or 

                                                      
1 This is an approximate physical law. Not valid for nuclear transmutations. 
2 Goldberg (1954) also mentions cosmogenous and atmogenous particles, produced in space 

or in the atmosphere, respectively. 
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sinks in the global P (Howarth et al. 1995), N (Gruber 2008), and Si (De-

Master 2002) cycles, while their role in the global C cycle is debated and 

remain unclear (e.g., Walsh 1981; Walsh 1984; Hedges & Keil 1995; Chen 

et al. 2013). 

 

Oxygen depletion 

In some areas, coastal marine sediments are exposed to bottom water con-

taining less than 2 mL L-1 ~ 90 µM (hypoxic) or no (anoxic) dissolved oxy-

gen (O2), hereafter termed ‘hypoxic’ or ‘anoxic’ sediments3. On a global 

scale such conditions are uncommon, but may be naturally formed. For ex-

ample, so called oxygen minimum zones (OMZs) develop in certain conti-

nental margin areas (e.g., Paulmier & Ruiz-Pino 2009), often mainly due to 

upwelling of nutrient rich water, promoting deep water oxygen consumption 

by degradation of depositing organic matter (Tyson & Pearson 1991; Chester 

2003). These zones extend far out into the open ocean (Fig. 1a; Paulmier & 

Ruiz-Pino 2009). In relatively shallow shelf areas, and where oxygen deplet-

ed pelagic water intersects with the continental slope sea-floor, bottom sedi-

ments become hypoxic or anoxic (Fig. 1b, Helly & Levin 2004; Bohlen et al. 

2011).  

 

In the Black Sea, anoxic bottom waters is also a natural phenomenon (Fig. 

1). The input of freshwater mostly from the rivers Danube and Dnieper 

combined with salt water entering from the Mediteranean Sea into the Black 

Sea creates a strong halocline in the water column which inhibits downwards 

transport of oxygen (Fonselius 1963). Thus, in the open Black Sea, 

permanent anoxic conditions persist from approximately 100–150 m depth to 

the maximum depth of 2200 m (Richards 1965; Özsoy & Ünlüata 1997). 

Also due to salinity stratification (Fonselius 1963), intermittantly anoxic 

deep water is a natural phenomenon in the Baltic Sea, as indicated by 

sediment records indicating periods of bottom water anoxia during the last 

8,500 years (Zillén et al 2008). 

 

Numerous indications emerged in the early 1980s (or even earlier in the Bal-

tic Sea, see Fonselius 1969) that low oxygen conditions in the coastal ocean 

had started to expand (Dyer et al. 1983; Stachowitsch 1984; Rosenberg 

1985; Tolmazin 1985; Holland et al. 1987), and it was proposed that in-

creased supply of organic matter (i.e., eutrophication, sensu Nixon 1995), 

following anthropogenic nutrient enrichment, was the driving force 

(Stachowitsch 1991; Zaitsev 1992; Diaz & Rosenberg 1995; Nixon 1995).  

 

                                                      
3 In contrast to partially oxygenated ’oxic’ bottom sediments (i.e., those that are covered by 

oxic bottom water). 
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Today, some 400 systems are affected by anthropogenic induced oxygen 

depletion (Diaz & Rosenberg 2008). This includes both ‘new’ oxygen de-

pleted areas (e.g., Gilbert et al. 2005) and those in which naturally occurring 

low-oxygen conditions have grown, such as in the Baltic and Black seas 

(Jonsson & Jonsson 1988; Jonsson et al. 1990; Mee et al. 2005; Conley et al. 

2011). 

 

The global expansion of benthic anoxia has impacted faunal communities 

(Diaz & Rosenberg 1995; Karlson et al. 2002; Levin et al. 2009) and funda-

mentally altered element cycling in these ecosystems (Conley et al 2002, 

2009a; Kemp et al. 2005). The ongoing expansion of low oxygen conditions 

Fig. 1. a) Dissolved oxygen saturation (%) at 200 m depth in the World Ocean. b) 
Near-bottom water oxygen saturation in the World Ocean. Most of the sea-floor is 
well oxygenated (brown area), hypoxic and anoxic areas are highlighted by colours 
given by the legend. Data source: World Ocean Atlas 2013 (www.nodc.noaa.gov) 
Figure is based on annual average oxygen saturation for years 1955–2012. 
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is projected to become accelerated by global warming (reviewed by Keeling 

et al. 2010).  

3.1. Early diagenesis 

Particles settled to the sediment surface are exposed to various physiochemi-

cal and biological processes which alter their chemical composition. The 

post-depositional chemical change of sedimentary matter is termed diagene-

sis, while early diagenesis refers to alterations which take place in the upper 

layer of the bottom sediment (Berner 1980). 

 

Organic matter degradation is one of several examples of an early diagenetic 

process. Briefly, this involves the gradual degradation of particulate organic 

matter into increasingly smaller moieties, and eventually dissolved inorganic 

constituents. Prokaryotic chemoorganotrophs are responsible for most of the 

depth integrated organic matter degradation in most sediments (e.g., Ander-

son et al. 1994). These organisms gain energy from chemical oxidation of 

organic C, using a variety of oxidants (terminal electron acceptors). Aerobic 

respiration (using O2 as the terminal electron acceptor) is the most energeti-

cally favourable form of organic C oxidation (Froelich et al. 1979), and the 

small amounts of organic matter reaching deep-sea sediments is respired 

almost entirely by aerobic organisms (Bender & Heggie 1984). 

 

In continental margin sediments, which receive much more organic matter 

(Middelburg et al. 1997), oxygen is consumed at such rates that the sediment 

becomes completely deprived of oxygen below a depth of a few millimetres 

to centimetres below the sediment–water interface (e.g., Glud et al. 1994; 

Luther III et al. 1998; Bonaglia et al. 2014). Thus, organic matter degrada-

tion has to proceed anaerobically using a series of secondary electron accep-

tors (NO2,3, Mn(IV), Fe(III), SO4 and CO2) with gradually decreasing energy 

yields (Froelich et al. 1979; Stumm & Morgan 1996). Due to the shallow 

oxygen penetration depth in continental shelf sediments, most (or a major 

part) of the total benthic chemoorganotrophic C oxidation occurs anaerobi-

cally (e.g., Canfield et al. 1993). Naturally, in low oxygen environments, 

anaerobic pathways become even more dominant (Rowe et al. 2002; Bohlen 

et al. 2011).  

3.1.1 Redox dependent processes determine the fate of metabolic 

end products 

Metabolic end products originating from the organic matter itself (e.g., CO2, 

NH4 and PO4), and reduced forms of the oxidants which have been used 
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during its degradation (e.g., N2, Mn(II), Fe(II), S(-II) and CH4) is released into 

the sediment pore water. These solutes may either flux out of the sediment 

by advection or by diffusion (Berner 1980; van der Weijden 1992), or be-

come retained in the sediment by various mechanisms, such as adsorption 

(Sundby et al. 1992; Brinkman 1993), mineral precipitation (Gunnars et al. 

2002; Diaz et al. 2008; Thibault et al. 2009) and bacterial assimilation 

(Goldhammer et al. 2010). Furthermore, reduced compounds (NH4, Mn(II), 

Fe(II), S(-II) and CH4) can be used as energy sources (i.e., electron donors) by 

chemolithotrophic bacteria, and thereby be re-oxidised (Jørgensen 2005; 

Thamdrup & Dalsgaard 2008). 

 

The great majority of these ‘secondary’ sink and retention mechanisms are 

directly or indirectly dependent on oxygen, and inefficient under fully anoxic 

bottom water conditions (Krom & Berner 1980; Kemp et al. 1990; Jäntti & 

Hietanen 2012). Thus, in situations when the redoxcline is situated above the 

sediment–water interface, a greater proportion of metabolic end products is 

released from the anoxic sediment to the bottom water than when the sedi-

ment is partially oxygenated (Kemp et al. 1990; McManus et al. 1997). 

Thereby, anoxic conditions generally facilitate benthic fluxes of nutrient 

elements, such as N and P, to the water column (e.g., Koop et al. 1990; Fa-

ganeli & Ogrinc 2009; Bonaglia et al. 2014), with potentially stimulatory 

effects on pelagic primary productivity (Rosenberg et al. 1990; Ingall et al. 

1993; Vahtera et al. 2007). 

3.1.2. Bioturbation 

Activities performed by benthic fauna that redistributes particles and water 

within the sediment and/or across the sediment–water interface, such as 

feeding, defecation and ventilation of burrow structures, can be generically 

termed bioturbation (e.g., Aller 1982; Kristensen et al. 2012), which can be 

considered another early diagenetic process (Berner 1980).  

 

In general, bioturbating macrofauna stimulate benthic degradation of organic 

matter, partly as a result of their own consumption, but mostly due to stimu-

lation of microbial degradation pathways (Aller & Yingst 1985; Aller & 

Aller 1986; Kristensen & Blackburn 1987; Hansen & Kristensen 1997). The 

latter occurs, for example, by macrofaunal conversion of macroscopic detri-

tus into fecal pellets and dissolved organic matter, which renders it more 

utilizable for the microbial community (Johannes 1964; Hargrave 1970; 

Hyllenberg & Henriksen 1980; Wild et al. 2005). Furthermore, ventilation of 

burrow structures, so called bioirrigation, constitutes a supply route of oxy-

gen and other electron acceptors to the microbial community (Aller 1988; 

Luther III et al. 1998; Mortimer et al. 1999; Wenzhöfer & Glud 2004; 

Pischedda et al. 2008), and prevents build-up of inhibitory metabolites (Aller 
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& Aller 1998) in the zone adjacent to the burrow wall. Ingestion of suspend-

ed particles from the water column by filter feeding organisms increase 

overall sedimentary deposition rates and thereby also bulk degradation rates 

(Mermillod-Blondin 2011). 

 

Biological particle reworking, i.e., vertical translocation of particulate matter 

by burrowing animals (Nozaki et al. 1977; Aller 1982 and references therein; 

Hedman et al. 2011), may result in contrasting effects on bulk sediment deg-

radation rates, depending on the direction of movement (Kristensen et al. 

2012). Animals that moves old refractory material at depth in the sediment to 

the sediment surface (so called ‘upward conveyors’) stimulate degradation of 

this matter by exposing it to oxygen (Hyllenberg & Henriksen 1980; Hulthe 

et al. 1998), while ‘downward conveyors’, subducting surficial organic de-

bris to deeper anoxic sediment layers, have been proposed to instead facili-

tate burial of newly deposited labile material (Josefson et al. 2002, 2012).  
 

Bioturbating macrofauna may not only influence the rate of organic matter 

degradation, but also the fate of the remineralised nutrients. For example, 

benthic animals may strengthen sedimentary sink mechanisms for mineral-

ised inorganic N (Kristensen et al. 1991; Pelegrí & Blackburn 1995) and P 

(Mortimer et al. 1999; Karlson 2007). Thus, their typical stimulation of or-

ganic matter degradation does not always translate into increased benthic–

pelagic nutrient exchange. 

 

In essence, the above mentioned and other effects of bioturbation may pro-

foundly influence sedimentary nutrient cycling (e.g., Aller 1982, 1988; Loh-

rer et al. 2004). However, given the large morphological and behavioural 

diversity of benthic macrofauna, specific effects for most species are largely 

unknown. Furthermore, considerable interaction effects of species assem-

blages (Michaud et al. 2009; Karlson et al. 2010, 2011) constitute an under-

studied aspect of sediment biogeochemistry (Welsh 2003). 
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4. THE BALTIC SEA 

The Baltic Sea (Fig. 2) in northern Europe is the world’s second largest 

brackish water basin, after the Black Sea (Leppäranta & Myrberg 2009). The 

Baltic is an inland sea, fed with freshwater mainly from rivers in the north-

ern parts and with saline water by irregularly occurring intrusions from the 

Kattegat via the Danish straits (Segerstråle 1957, 1969; Matthäus 1995). 

During these inflows, water with initial salinities ranging from 12–24‰ is 

gradually lowered by entrainment of less saline Baltic water, as it flows 

along the sea floor into the Baltic Sea, filling up a series of deep basins 

(Stigebrandt 2001).  

 

The estuarine-like hydrography of the Baltic Sea maintains a permanent 

halocline at generally 60–80 m depth, as well as a north–south horizontal 

salinity gradient. Surface salinities of 0–4‰ in the northernmost sub-basin, 

the Bothnian Bay, increase southward to values of 5–6‰ in the Bothnian 

Sea (Segerstråle 1957). Due to freshwater input from the river Neva, the 

surface salinity in the inner part of the Gulf of Finland is close to zero and 

then increases westwards reaching approximately 6‰ at the border to the 

Baltic proper (Leppäranta & Myrberg 2009). Moving southwards, surface 

salinities continue to increase and maximum values of 8–10‰ are found just 

inside the Danish straits (Segerstråle 1957; Leppäranta & Myrberg 2009). 

Similar salinity gradients are found in the sub-halocline waters; the bottom 

water salinity of ~17‰ just inside the Danish straits decrease gradually to 3–

4‰ in the innermost parts of the Bothnian Bay and Gulf of Finland (op. cit.). 

 

The benthal 

The average and maximum water depths of the Baltic Sea is 459 m (Land-

sort Deep, Northern Baltic proper), and 60 m, respectively (Ignatius et al. 

1981). The sea-floor is dominated by soft (mud) sediments, although sandy 

sediments dominate in the southern parts, and hard bottoms are prominent 

the Gulf of Bothnia (Al-Hamdani & Reker 2007; Emelyanov 2014 and refer-

ences therein). The bottom sediments are rich in organic C. Highest organic 

C contents of about 10% (dwt-1) are found in accumulation sediments of the 

Eastern Gotland Basin (Hille et al. 2006; Leipe et al. 2011) which is about 

twice as high as in other parts of the Baltic proper and Gulf of Finland, and 

almost 5 times higher than in the Gulf of Bothnia (Leipe et al. 2011). The 
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amount of particulate inorganic C in bottom sediments of the Baltic Sea is 

typically below 0.5% (Leipe et al. 2011; Hille et al. 2005). 

 

 

 

Macrofauna 

The macrofauna community is species poor, particularly in the Bothnian Bay 

and northern Bothnian Sea, and consist of a mixture of freshwater and ma-

rine taxa (Ankar & Elmgren 1975; Elmgren et al. 1984). Common species 

include the pontoporeid amphipods Monoporeia affinis and Pontoporeia 

femorata, the tellinid bivalve Macoma balthica and the chaetilid isopod Sa-

duria entomon. Three invasive sibling polychaete species of the spionid ge-

nus Marenzelleria have rapidly colonised large areas of the Baltic Sea, since 

the first specimen was discovered in southern Baltic proper in 1985 

(Żmudziński et al. 1996). Today, Marenzelleria spp. is found in all parts of 

the Baltic Sea (Karlsson & Leonardsson 2004; Blank et al. 2008), and is 

Fig. 2. The Baltic Sea and selected sub-basins mentioned in the text. 
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dominating the macrofauna community in many areas of the Baltic proper 

(Olenin & Leppäkoski 1999; Karlsson et al. 2010; Rousi et al. 2013). 

 

Primary productivity 

Annual gross phytoplankton production is higher in the Baltic proper, Gulf 

of Finland and Gulf of Riga (~ 100–200 g C m-2 yr-1), than in the Bothnian 

Sea (~ 50–70 g C m-2 yr-1) and the Bothnian Bay (~ 20 g C m-2 yr-1) 

(Elmgren 1984; Wasmund & Siegel 2008). The spring bloom production in 

the Baltic proper is limited by the amount of bioavailable N (Granéli et al. 

1990; Kivi et al. 1993). The spring bloom is replaced by N2-gas (aq) fixating 

(diazotrophic) cyanobacteria after depletion of the bioavailable N pool 

(Nausch et al. 2004). These organisms are instead limited by the amount of 

bioavailable P (Granéli et al. 1990; Degerholm et al. 2006). In the most 

northern parts of the Baltic Sea (Bothnian Bay), P is in shorter supply, and P 

limitation may occur throughout the productive season (Rosenberg et al. 

1990). Thus, both N and P regulate primary productivity in the Baltic Sea, 

but on different spatial and temporal scales. 

4.2. Eutrophication in the Baltic Sea 

The Baltic Sea is boarded by nine riparian states, and 85 million people in-

habit its relatively large drainage area (Sweitzer 1996). Several concerns has 

been raised that anthropogenic pressures on the Baltic Sea have resulted in 

eutrophication (e.g., Fonselius 1972; Melvasalo et al. 1984; Larsson et al. 

1985; Elmgren 1989), and several other environmental concerns (reviewed 

by Elmgren 2001). 

 

Nutrient inputs (N and P) to the Baltic Sea started to increase rapidly in the 

1950s, due to an intensification of agriculture and urbanization in the Baltic 

Sea drainage area (Gustafsson et al. 2012). Conversely, in the time period 

1970 to 1985, winter water concentrations of DIN and DIP in the Eastern 

Gotland Basin roughly doubled (Nausch et al. 2008). Modelling of sea–air 

oxygen fluxes (Stigebrandt 1991), and Secchi depth time series analysis 

(Sandén & Håkansson 1996), later confirmed that the increased nutrient 

availability had in fact stimulated primary productivity in the Baltic Sea. 

Other indications came from benthic studies. For example, higher accumula-

tion of organic matter in bottom sediments (Jonsson & Carman 1994; Emeis 

et al. 2000) boosted the production of benthic macrofauna communities in 

relatively shallow, and thereby well ventilated areas (Cederwall & Elmgren 

1980; Elmgren et al. 1984; Bonsdorff et al. 1991; Perus & Bonsdorff 2004), 

but resulted in oxygen depletion and loss of macrofauna in sediments below 

the halocline (Jonsson & Jonsson 1988; Jonsson et al. 1990; Karlson et al. 

2002). 
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Covering roughly one third of the total bottom area in the Baltic proper, Gulf 

of Finland and Gulf of Riga (Hansson et al. 2013), the extent of anoxic or 

hypoxic bottoms is perhaps the most striking feature of today’s Baltic Sea. 

Almost the entire water column below the permanent halocline is either hy-

poxic or anoxic in the central and northern parts of the Baltic proper (Hans-

son et al. 2011). In contrast, before the 1950s, such conditions have been 

documented only below ~ 110 m depth (Kalle 1943; Fonselius 1963). Thus, 

there have been substantial increases, both in areal and volumetric terms, of 

oxygen depleted conditions in the Baltic Sea over the course of the last half 

century (Jonsson et al. 1990; Hansson et al. 2011; Carstensen et al. 2014).  

 

The bottom water deoxygenation has mobilised large accumulations of P to 

the water column from previously oxygenated bottom sediments (Fonselius 

1963; Emeis et al. 2000, Conley et al. 2002; Schneider 2011). For example, 

the drastic increase of anoxic bottom waters during the 1990s (Fig. 3), mobi-

lised some 160 thousand tonnes (kton) of P to the water column of the Baltic 

proper (Savchuk 2005). Such internal DIP loading has favoured P-limited N-

fixing (diazotrophic) cyanobacteria in the Baltic (Vahtera et al. 2007), and 

major surface accumulations (blooms) of these organisms are reoccurring in 

the Baltic during summer (Kahru & Elmgren 2014). Cyanobacterial N-

fixation constitutes a substantial source of N to the Baltic (Larsson et al. 

1985, 2001), fuelling the N-limited diatom-dominated spring bloom which 

rapidly sinks out of the water column (Passow 1991). The resulting con-

sumption of oxygen and other electron acceptors in sub-halocline waters 

during degradation causes further deteriorating oxygen conditions, benthic P 

release, N-fixation and so on. This vicious circle of worsening eutrophica-

tion (Vahtera et al. 2007), explains the lack of clear indications of improving 

environmental conditions by the accomplished reductions of external nutri-

ent loads since the early 1980s (Fig 3; Gustafsson et al. 2012). 

4.2.1. Remediation strategies 

In year 2007, the intergovernmental Helsinki Commission (HELCOM) 

adopted the Baltic Sea Action Plan (BSAP) in which management actions 

are specified for the Baltic Sea, in order to achieve a number of environmen-

tal objectives (HELCOM 2007). For example, reduction of external emis-

sions by 135 kton N and 15 kton P, respectively, by year 2016 was agreed 

upon in order to achieve the goal of eliminating eutrophication in the Baltic 

Sea by year 2021. 

 

Clearly, HELCOM overestimated the role of present-day external nutrient 

sources in the Baltic Sea, and had an overly optimistic view on the speed of 

recovery following their reduction. Actually, large scale modelling suggests 

that a hypothetical scenario of total elimination of external N and P sources 
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to the Baltic would halve the pools of these nutrients in the water column 

only after 20 (for N) to more than 50 years (for P) (Savchuk & Wulff 2007). 

Thus, strengthening of P sinks in the Baltic Sea has been proposed as means 

to speed up recovery from eutrophication in the Baltic Sea (Stigebrandt & 

Gustafsson 2007; Stigebrandt & Kalén 2013). For example, small-scale trials 

of bottom water oxygenation through geoengineering as means to reduce 

benthic DIP fluxes in anoxic coastal basins have been conducted 

(Stigebrandt et al. 2015a). Chemical immobilisation of P in bottom sedi-

ments has also been proposed (Blomqvist & Rydin 2009) and accomplished 

in a coastal Swedish Bay (Rydin 2014). However, critics argue that such 

active mitigation actions may be associated with ecological risks (Conley et 

al. 2009b; Conley 2012), which have only recently started to be assessed 

(e.g., Stigebrandt et al. 2015b). 

 

4.3. Local study areas 

Most of the research in the present study was conducted in, or using bottom 

sediment from, the largest and southernmost main basin of the Baltic Sea – 

the Baltic proper. It ranges from the Danish straits in the south, to the Åland 

Sea and Archipelago Sea in the north (Fig. 2).  

Fig. 3. Annual TP load and TP inventory for the entire Baltic Sea (inside the Danish 
Straits), and the total area of anoxic sediments in the Baltic proper. After Stigebrandt 
et al. (2014), and data therein from Hansson et al. (2011) and Gustafsson et al. 
2012). 
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The Baltic proper can be further subdivided into a number of basins, of 

which the Eastern Gotland basin, boarded by the Island of Gotland, the Bal-

tic states, the Kaliningrad oblast (Russia), and Poland, is the largest. Field 

measurements along a west-east depth gradient in the Eastern Gotland basin 

are reported in Paper I. 

 

The sediment sampling sites for papers III and IV, as well as the coastal 

Kanholmsfjärden Basin – which was studied in Paper II – are all located in 

the Northern Baltic proper sub-basin. The sediment collection sites are close 

to the Landsort Deep, and are areas of accumulation type bottom sediment at 

a water depth of 150 m (Leipe et al. 2011).  

 

The 104 m deep Kanholmsfjärden Basin is severely oxygen depleted and the 

location was selected for a field trial of artificial deep water oxygenation 

(Baresel et al. 2014). The installed pump failed to oxygenate the bottom 

water, but an inflow of relatively oxygen rich water from outside of the basin 

occurred in the summer of 2012 (Walve 2014), allowing us to fulfil our aim 

to investigate in situ how benthic nutrient cycling changes during a positive 

redox turnover (Paper II). 

 

Field trials with the new box corer (Paper V) were conducted in the Northern 

Baltic proper, the Bothnian Sea, and in Skagerrak fjords at the Swedish west 

coast. 
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5. METHODS 

Benthic fluxes of biogeochemical elements are determined by numerous 

complex and interacting diagenetic processes (some of which are briefly 

described in Chapter 3). Measurements of benthic fluxes thereby provide a 

snapshot of the net result of early diagenesis during certain conditions in a 

given environment. Such measurements are an integral part in ecosystem 

budgeting and modelling, and often constitute essential validation in  

process-oriented mechanistic studies. 

 

Benthic fluxes were determined in situ by using benthic landers, and in ex-

periment laboratory systems. These techniques are briefly described below, 

as they constitute an integral part of the present thesis. More detailed method 

descriptions found in Papers I–IV.  

5.1. Benthic chamber landers 

Field measurements in Papers I, II and IV were conducted with two of the 

“Göteborg” benthic chamber landers. The landers were equipped with open-

bottomed, polycarbonate chambers which were inserted into the bottom sub-

strate (Ståhl et al. 2004b; Fig. 4). The enclosed sediment was incubated for 

11–36 hours, depending on the reactivity of the bottom sediment.  

 

A rotating paddle wheel inside the chamber ensured that the supernatant 

water within the chamber was well mixed. The ‘Mississippi’ type of paddle 

wheel used is favourable, due to its low propensity of generating pressure 

gradients within the chamber, which otherwise could induce advection 

across the sediment water interface (Tengberg et al. 2004). Syringes auton-

omously sampled the chamber water at pre-set times during the incubation, 

and oxygen concentrations, salinity and temperature were continuously 

measured by sensors generally mounted both inside and outside the cham-

bers. Benthic flux determinations of solutes were based on their concentra-

tion changes over time.  

 

A thorough review of design, technical solutions and functioning of benthic 

chamber and profiling landers was made by Tengberg et al. (1995). 
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5.2. Experimental systems 

The manipulative approaches in Papers III and IV required benthic flux 

measurements in experimental systems. 

5.2.1. Paper III  

In paper III, a flow-through aquarium system was subdivided into identical 

sub-sections by insertions of netted wall sections. Homogenised anoxic bot-

tom sediment from the Northern Baltic proper was added to each compart-

ment of the aquarium. This experimental design was chosen in order to min-

imize spatial variability between replicates, rather than to mimic natural 

sedimentary conditions.  

 

Benthic fluxes were calculated from the concentration changes of various P 

fractions over time in the sub-sections after they had been individually 

sealed off with bordering solid PVC wall pairs. The experiment consisted of 

Fig. 4. View of the chamber module of the big ‘Göteborg’ lander while incubating 
bottom sediment. Sample syringes (partly visible in the top of the picture) are con-
nected with plastic hoses to the chamber. The red sensor inside the chamber 
measures turbidity in the supernatant water phase.  
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two phases. Initially, by purging the water flowing through the aquarium 

system with nitrogen gas; the low oxygen regime at the sediment collection 

site was maintained in the laboratory for eight days. After the hypoxic phase, 

the bubbling of nitrogen gas was discontinued and water mixing was instead 

achieved by purging with air, resulting in rapid oxygenation of supernatant 

water in the aquarium.  

5.2.2. Paper IV 

A major difference from paper III in the experimental design of paper IV 

was the use of intact large box cosms, as opposed to relatively small systems 

with highly manipulated (homogenized) sediment. Flux measurements in the 

box cosms were achieved by the same basic principle as in the other studies; 

the water flow through each box cosm was shut off and linear changes of 

solute concentrations in the water phase were assumed to be proportional to 

the sediment–water exchange. The box cosms were sampled six times during 

every ~ 24 hours flux incubation. Water mixing was achieved by an internal 

circulation system. 

 

The main advantage of the box cosms was that they enabled us to perform a 

highly controlled, manipulative experiment using sediment structurally re-

sembling that of naturally occurring soft bottom sediment of the Baltic prop-

er. The collection of high quality box cosms for this experiment was made 

possible by a newly developed box corer (Paper V).  

 

The experiment lasted for 74 days and included five flux measurements, as 

well as a reference in situ benthic lander flux measurements campaigns at 

the 148 m deep, and oxygen depleted box cosm collection site. 
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6. Outline of main findings and discussion 

In the chapter below are main findings of Papers I–V described and dis-

cussed. 

6.1. Field measurements of benthic nutrient cycling 

Our in situ benthic flux measurements and sediment investigations were 

conducted at depths both below and above the permanent halocline in the 

Baltic proper, with the aim to investigate nutrient and carbon cycling in 

long-term anoxic as well as in oxic environments. 

6.1.1. Benthic nutrient loading in the Baltic proper 

Benthic P fluxes were measured along a depth gradient in the Eastern Got-

land Basin, by means of benthic chamber lander incubations (Paper I). In the 

study, a total of 13 stations were investigated, of which five were permanent-

ly anoxic accumulation sediments, while four were in the depth range of 75–

90 meters, and thus intermittently exposed to oxygenated bottom waters. The 

remaining four stations were situated above the permanent halocline and 

were classified as permanently oxygenated transport or erosion sediments. 

 

The average DIP flux from the permanently anoxic sediments was an order 

of magnitude higher than from the other sediment types. By extrapolation of 

the average DIP flux of the former (~0.38 mmol DIP m-2 d-1) to contempo-

rary and past extents of long-term anoxic sediment areas, we estimated an-

nual integrated benthic DIP flux to the Baltic proper water basin of 62 kton P 

yr-1 for years 1960–1998, and 152 kton yr-1 for the time period 1999–2006. 

Both estimates are based on average areal extents of anoxic sediments during 

the two periods, assuming that, throughout each period, these areas were not 

changing. Thus, our estimates are not directly comparable with estimates of 

non-steady state variations in benthic P exchange during periods when the 

area of anoxic sediments is changing (e.g., Conley et al. 2002; Savchuk 

2005; Schneider 2011). 

 

In comparison, the annual supply of P to the Baltic proper from land during 

the latter period was approximately 17 kton TP yr-1, of which about half was 
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in the form of DIP (Gustafsson et al. 2012). Thus, our almost nine times 

higher estimate for the contemporary benthic DIP flux is remarkable, and 

highlights the dominating role of the benthal in regulating P bioavailability 

in the Baltic proper. Actually, our mass balance calculations suggests that at 

most 12% of the depositional TP flux in permanently anoxic sediments of 

the Eastern Gotland Basin undergo sediment burial (Paper I).  

 

Paper II reports a three years (2010–2013) investigation of benthic nutrient 

dynamics, by means of in situ benthic flux measurements and sediment sam-

plings, in the 104 m deep Kanholmsfjärden Basin, Northern Baltic proper. 

Before an oxygenation event that occurred in 2012, the average benthic DIP 

flux in the deepest part of the basin during permanent hypoxic–anoxic condi-

tions was ~1.2 mmol DIP m-2 d-1, and thus substantially higher than in the 

Eastern Gotland Basin. DIN was released by the sediment (~7.5 mmol DIN 

m-2 d-1) and the average benthic DSi efflux was ~6.8 mmol DSi m-2 d-1 be-

fore the oxygenation event. 

 

Only about 9% of the bottom area in Kanholmsfjärden Basin was located 

below the redoxcline before the oxic inflow. Still, areal extrapolation of our 

benthic fluxes showed that the integrated annual nutrient releases from these 

sediment areas amounted to 40, 115 and 200 tons DIP, DIN and DSi, respec-

tively. Such releases are sufficient to renew the entire pools of DIN and DIP 

below the upper mixed layer (i.e., in the depth range 20–100 m) in 

Kanholmsfjärden Basin in one year or less. Thus, anoxic sediments likely 

constitute the dominating source of DIN and DIP to the water column in this 

and similar coastal marine areas of the Baltic proper. 

6.1.2. P regeneration in long-term anoxic conditions  

It is well established from previous studies that bottom water deoxygenation 

create a pulsed release of DIP from the sediment (e.g., Mortimer 1941; 

Sundby et al. 1986; Koop et al. 1990; Paper II), due to dissolution of P pools 

which are unstable under anoxic conditions such as iron- and manganese 

bound P (Fe–P, Mn–P) (Yao & Millero 1996; Gunnars & Blomqvist 1997) 

and bacterially stored P (Gächter & Meyer 1993; Ingall & Jahnke 1997; 

Sannigrahi & Ingall 2005; Schulz & Shulz 2005) within the upper sediment. 

Such benthic DIP liberation is a non-steady state phenomenon, as after pro-

longed exposure to anoxic bottom water these pools of P in the solid phase 

of the sediment will eventually be exhausted. 

 

Previous studies investigating P cycling in long-term anoxic, Baltic Sea sed-

iments where the benthic DIP efflux is uninfluenced by dissolution of tem-

porary P pools were based on pore water data (Matthiesen 1998; Hille et al. 

2005; Mort et al. 2010; Jilbert et al. 2011). Results of the present thesis (Pa-
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pers I–II) suggest that the mobilisation of DIP from bottom sediments after 

prolonged exposure to anoxic conditions is considerably larger than previous 

estimates. In other words, high DIP fluxes persist even though the amount of 

remnant Fe–P and other labile P in the sediment from past oxygenated con-

ditions is negligible (Ingall et al. 2005; Mort et al. 2010). 

 

Benthic DIP fluxes from the long-term anoxic sediments of Paper I, were 

positively correlated to sedimentary inventories of organic C, and to benthic 

C oxidation rates, indicating that organic matter degradation was driving the 

DIP efflux. The average DIC:DIP ratios of fluxes from anoxic sediments of 

69 was similar to the DIC:DIP flux ratios found in the oxygen deprived 

deepest part of the 104 m Kanholmsfjärden Basin in Stockholm archipelago 

(Paper II). In contrast, an average DIC:DIP ratio of 361 was found for oxy-

genated sediments releasing DIP in the Eastern Gotland Basin (Paper I).  

 

The average molar C:P ratio of fresh phytodetritus can be assumed to lie 

close to 106:1 (Redfield et al. 1963). Thus, the low DIC:DIP ratios of fluxes 

from long-term anoxic sediments indicates that P is preferentially remineral-

ised (in relation to C) during degradation of organic matter (Ingall & Jahnke 

1997; McManus et al. 1997). Such loss of P from organic matter would rise 

the C:P ratio in the remaining solid sediment phase, in line with observations 

in sediment core records of modern day and historical anoxic episodes 

(Ingall et al. 1993; Emeis et al. 2000; Slomp et al. 2002; Algeo & Ingall 

2007; Viktorsson et al. 2013; Paper II). 

 

It is not known whether preferential P remineralisation is stimulated by an-

oxia per se (Jilbert et al. 2011), or if it is a ubiquitous phenomenon of marine 

sediments which is concealed during oxygenated conditions due to high sed-

imentary sorption capacity of DIP (Algeo & Ingall 2007; Steenbergh et al. 

2011; Steenbergh 2012). The similar TC/Porg ratios in permanently oxic and 

semi-permanent anoxic bottom sediment in Kanholmsfjärden Basin (Paper 

II) suggest the latter. That is, high TC/Porg ratios develop in the sediment 

regardless of oxygen conditions due to preferential regeneration of organic 

P. In oxic conditions, secondary reactions, such as Fe–P coprecipitation and 

bacterial polyphosphate storage, traps the mineralised DIP in the upper sed-

iment, while in anoxic conditions, the mineralised DIP escapes to the bottom 

water (Steenbergh 2012). 
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6.2. Changes in benthic nutrient cycling upon 

oxygenation of the Baltic proper 

How would improved oxygen conditions in the bottom water of the Baltic 

proper feedback on nutrient availability in the pelagic zone? The answer to 

this key question lies partly in how sedimentary nutrient dynamics would 

change upon bottom water oxygenation, and a following (re)establishment of 

a bottom fauna community. These aspects have been investigated in the pre-

sent thesis by field measurements (Paper II), and manipulative laboratory 

experiments (Papers III–IV). 

6.2.1. Inorganic nutrients 

DIP 

A rapid decrease of the benthic DIP flux by oxygenation of the bottom water 

was noted in both experimental studies (Papers III–IV), confirming the well-

established redox-dependency of benthic–pelagic coupling of DIP (e.g., 

Mortimer 1941, 1942, Sundby et al. 1986; Gunnars & Blomqvist 1997; 

McManus et al. 1997; Skoog & Arias-Esquivel 2009). High retention (i.e., 

low release rates, or even benthic uptake) of DIP in oxygenated sediments is 

typically explained by scavenging of DIP by metal (oxyhydr)oxides close to 

the sediment–water interface (Jensen et al. 1995; Sundby et al. 1992). 

 

Bacterial uptake and release of DIP, may also influence net DIP exchange 

across the sediment–water interface (Gächter et al. 1988; Hupfer et al. 2004; 

Sannigrahi & Ingall 2005). Such polyphosphate accumulating bacteria as-

similate and store large amounts of DIP under oxic conditions, which are 

released to the ambient water following anoxia (Gächter & Meyer 1993; 

Schulz & Schultz 2005). Thus, changes in bottom water redox chemistry 

lead to parallel changes of the capacities of both bacteria and metal (oxy-

hydr)oxides to sequester DIP from the pore water (Hupfer et al. 2004). It is 

therefore often difficult to discern whether one or both of these DIP scaveng-

ing mechanisms are quantitatively significant in a given environment (Hup-

fer & Lewandowski 2008). 

 

Sedimentary records revealed that the increase of the solid phase inventory 

of P during oxic bottom water conditions in Kanholmsfjärden Basin was 

mainly due to enrichment of organic P (Paper II). This indicates that poly-

phosphate accumulating bacteria play a major role in controlling benthic DIP 

fluxes during oscillating oxygen conditions in the Baltic Sea. 
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DSi 

Some interesting similarities in benthic dynamics of DIP and DSi were noted 

in the present thesis. Both nutrient fluxes decreased by bottom water oxy-

genation in Paper IV, although in the presence of bioturbating macrofauna 

(M. affinis or Marenzelleria), the benthic DSi flux was roughly restored to 

that measured under anoxic conditions. The large decreases of pore water 

DSi and DIP concentrations during oxygenated bottom water conditions in 

Kanholmsfjärden Basin (Paper II), similarly suggest scavenging of both 

solutes by the sediment. Dissolution of these solid phases explains the large 

increases of both DIP and DSi effluxes during the subsequent de-

oxygenation of the near-bottom water (Paper II). 

 

Similar results were obtained by Mortimer (1941), in part of his epoch-

making work (Mortimer 1941, 1942). Mortimer studied interactions between 

redox conditions at the sediment–water interface and solute nutrient availa-

bility in lake ecosystems, and incubated bottom sediment from Lake Es-

thwaite Water, England, in tanks sealed off from the atmosphere. After ap-

proximately 40 days of incubation, when the oxygen initially dissolved in 

the tank water was depleted, the concentrations of DIP, DSi and dissolved 

iron increased rapidly in the supernatant water. Conversely, in parallel aerat-

ed tanks, the concentrations of these solutes remained much lower. Based on 

his results and previous research (Mattson 1935; Einsele 1938), Mortimer 

argued that DIP and DSi concentrations in lake water are largely controlled 

by formation and dissolution of particulate Fe rich complexes with capacity 

to sequester DIP and DSi. The discoveries by Mortimer (1941, 1942) laid the 

formation of the present-day model for how oxygen conditions control ben-

thic DIP fluxes in aquatic environments. However, his hypothesis of redox 

dependent DSi cycling has rarely been tested and cited (but see Kato 1969; 

Nriagu 1978), and appears forgotten by the majority of the scientific ecolog-

ical/geochemical community. 

 

Results of Papers II and IV, signs of intensified DSi regeneration during 

reducing bottom water oxygen conditions (Danielsson 2014; Friedrich et al. 

2014), recent sedimentological data (Tallberg et al. 2008, 2009), and DSi 

adsorption modelling (e.g., Brinkman 1993), calls for a re-examination of 

Mortimer’s view on redox dependent benthic Si cycling. 

DIN 

The net DIN flux was reduced by 25% by bottom water oxygenation in Pa-

per IV, presumably due to coupled nitrification-denitrification and/or anam-

mox in the sediment. Such reduction of the DIN flux is generally expected 

upon oxygenation of anoxic Baltic Sea sediment (Jäntti & Hietanen 2012; 

Carstensen et al. 2014). However, this effect was counteracted by bioturba-
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tion, since both investigated taxa (Marenzelleria and M. affinis), greatly 

stimulated the benthic efflux of NO2 + NO3 from the sediment. Thus, the 

combination of oxic bottom water conditions and bioturbation by these spe-

cies resulted in higher DIN fluxes from the sediment than during anoxic 

conditions. 

6.2.2. Benthic mobilisation of particulate and dissolved organic 

matter by bioturbating macrofauna 

Organic nutrient fractions (DON and DOP) are less bioavailable for phyto-

plankton than their inorganic counterparts (DIN and DIP). Still, under nutri-

ent depleted conditions, organic nutrients are used by a large range of auto-

trophs capable of direct or indirect assimilation of dissolved organic matter 

(Cembella 1984a, b; Korth et al 2012). Furthermore, parts of the DON and 

DOP fractions, and also particulate bound nutrients, are readily converted to 

DIN and DIP by bacterial or abiotic mineralisation (Boström et al. 1988; 

Stepanauskas et al. 2002). Such nutrient fractions are therefore critical regu-

lators of primary productivity in many aquatic environments (e.g., Benitez-

Nelson & Buesseler 1999; Seitzinger et al. 2002; Nausch & Nausch 2011). 

 

Papers III and IV show that benthic macrofauna, colonising the sediment 

after oxygenation, may generate benthic effluxes of dissolved organic mat-

ter. This has been suggested earlier (Chu 1946; Burdige & Zheng 1998; 

Landén-Hillemyr 1998; Landén & Hall 2000), but has not been experimen-

tally tested. In Paper III, all investigated macrofauna species, M. balthica, 

M. affinis, and the mysid shrimp Mysis mixta, were found to mobilise DOP 

to the supernatant water phase of the aquarium system. The two latter spe-

cies also caused resuspension of PP (cf., Roast et al. 2004; Viitasalo-Frösén 

2009). In comparison, the animals’ influence on benthic DIP fluxes were 

minor (M. affinis) or none (M. balthica, M. mixta). 

 

In addition to DOP and PP, benthic flux measurements in Paper IV also 

included DON and PN fractions. Both M. affinis and Marenzelleria were 

found to increase the benthic efflux of DON from the bottom sediment. 

However, DOP mobilisation, which was rather minor, was only noted short-

ly (approximately 2 weeks) after M. affinis was added to the experimental 

systems, and low PP and PN in the experiment were unrelated to bioturba-

tion. Thus, it seems that the mobilisation of DOP and PP by M. affinis, as 

demonstrated in Paper III, only occurs in sediments inhabited by a denser 

animal population than used in the experiment for Paper IV (i.e., > 2000 ind 

m-2), and possibly also only for a limited time after the colonisation is initiat-

ed (cf., Welsh 2003). 
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6.3. Concerned sampling of a fragile inaccessible 

environment 

The easily disturbed fine grained texture of soft sediments makes remote 

sediment sampling inherently difficult. Nonetheless, given the drastic milli-

metre scale variability of marine sediments in terms of biogeochemical con-

ditions, diagenetic reaction rates and pathways, and chemical composition 

(e.g., Froelich et al. 1979; Aller & Aller 1986; van der Weijden 1992; Luther 

III et al. 1998; Schulz 2006), most studies of such systems demand intact 

samples. 

 

Consequently, the search term ‘undisturbed sediment’ yields more than 

1,500 hits in the Web of Science data base. However, closer inspection re-

veals that most of these articles include, at most, a brief description of the 

sampling procedure per se, and generally no convincing evidence of unbi-

ased sediment collection. Instead, ‘undisturbed sediment’, ‘virtually undis-

turbed sediment’ or similar statements appear often to be routinely added 

when such sampling is required. 

 

The relatively few reported evaluations demonstrate that biasing upon sam-

pling occur for several reasons. For example, the bow-wave formed in front 

of the descending device may cause substantial sediment resuspension re-

sulting in under-recovery of surficial sediment layers in the sample (Wigley 

1967; Elmgren 1973; Ankar & Elmgren 1975, Blomqvist 1990; Bett et al. 

1994). Such problems are particularly pronounced for bottom sampling in-

struments generating high water resistance when descending through the 

water column.  

 

Sediment samplers have also been observed to tilt sideways upon collection 

of sediment (Blomqvist 1985, 1990), producing a gap between the collected 

sediment sample and the wall of the sampler (Blomqvist 1985). Such gap 

formation can arguably influence functional parameters (such as nutrient 

fluxes) in the sampled sediment. For example, highly artificial situations 

may develop due to transport of surficial sediment and bottom water into the 

gap (Blomqvist 1991).  

 

The United States Naval Electronics Laboratory (USNEL) box corer (Hess-

ler & Jumars 1974) is among the most frequently used box corer in marine 

sciences. Field tests (Paper V) revealed that sampling with the USNEL box 

corer resulted in severe disturbance of the sediment, both due to sampling-

induced resuspension and to tilting of the USNEL device. The observed bi-

asing (Paper V) can hardly be circumvented, as it is a consequence of the 

design of the device. 
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6.3.1. A new improved box corer 

A new box corer, intended for soft bottom sampling in continental margins 

and large lakes, is presented in Paper V. The device is an elaboration of the 

Jonasson-Olausson box corer (Jonasson & Olausson 1966).  

 

Key improvements of the new box corer include an outer frame and new 

mechanicals for opening and closing of the shutters on top of the box cham-

ber. The added outer frame prevents tilting and brimming of the box cham-

ber during sediment collection, and allows for precise adjustment of the pen-

etration depth of the box corer and thereby the height of the recovered sedi-

ment box core. The upper shutters of the new box corer are fully perpendicu-

lar to the top side of the box chamber during sampling, minimizing water 

flow impedance through the box chamber. The shutters are fixated in a 

closed position simultaneously as the collected sediment is concealed in the 

box chamber by closing of the jaws. The locked, closed shutters during as-

cent of the box corer counteract biasing from resuspension, by maintaining 

stagnant supernatant water conditions above the collected sediment core. 

 

The new box corer was tested in various soft bottom sediments in the Baltic 

proper, Bothnian Sea (Fig. 2) and in Skagerrak fjords on the Swedish west 

coast. The main basis for evaluating the performance of the box corer con-

sisted of in situ video recordings and turbidity measurements during sam-

pling.  

 

Results show that virtually undisturbed sediment samples can be collected 

with the new box corer. However, this requires that the box corer is not mov-

ing sideways relative to the sea-floor as the orifice of the box chamber enters 

the sediment. If this is not the case, our video recording revealed that it could 

result in gap formation, as previously reported for tilting samplers.  

 

Also, our video recordings and turbidity measurements inside of the box 

chamber showed that, in order to avoid resuspension of the collected sedi-

ment, the box corer should penetrate the sediment slowly. Actually, we de-

termined a linear correlation between the descent speed and turbidity in-

crease inside the box chamber during field trials in fine-grained bottom sed-

iment at eight m depth, near the Askö Island, Baltic proper. An important 

and related finding was that a clear water phase can re-establish quickly in 

the box chamber after destructive sampling. Thus, clear supernatant water in 

the box chamber during on-board inspection is no guarantee of low disturb-

ance box core sampling. 

 

In summary, the new box corer is arguably more suitable for collection of 

soft bottom box cores than the USNEL, or similar devices. It is stressed that 
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successful sampling requires proper handling, accurate positioning, and 

steady conditions. In situ observational data, such as video or photographic 

documentation of the sampling procedure, or turbidity measurements, is the 

only convincing way of detecting sampling biasing, and is therefore highly 

recommended. 
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7. FINAL REMARKS AND OUTLOOK 

Paper I constitutes by far the largest dataset of directly measured DIP fluxes 

in the Baltic Sea, and provide a sound basis for our suggestion that the esti-

mate for the internal DIP load in the Baltic proper should be revised up-

wards. Also, the benthic release of bioavailable N and P was considerable in 

the coastal Kanholmsfjärden Basin (Paper II). Hence, low oxygen sediments 

in the Baltic proper are sites of rapid nutrient recycling and mitigation ac-

tions aimed to strengthen their role as nutrient sinks have large potential to 

counteract eutrophication in the Baltic Sea. Intensified development of such 

active mitigation actions is therefore highly needed.  

 

The immediate effects of bottom water oxygenation on benthic P, N and Si 

dynamics were altered by bioturbation. In particular, Baltic Sea macrofauna 

were found to stimulate benthic effluxes of DIN, DON, DSi, DOP as well as 

PP. It was found that macrofauna could influence benthic fluxes of dissolved 

organic and particulate nutrient fractions to a similar or greater extent than 

dissolved inorganic nutrient fractions. Still, only dissolved inorganic frac-

tions have typically been considered in most other studies. Thus, benthic 

exchange of particulate bound and dissolved organic nutrient fractions clear-

ly merit further study. For example, the hypothesis that benthic P releases in 

Paper III were driven by bioresuspension poses the question of how other 

forms of resuspension (e.g., wave or wind induced) influence benthic–

pelagic nutrient exchange. 

 

A schematic representation, based on the results of the present thesis, of the 

long-term evolution of benthic nutrient fluxes following improved oxygen 

conditions in the Baltic Sea is given in Figure 5. Long-term net effects of 

bottom water oxygenation (including effects of bioturbation) likely deviate 

from short term effects induced by oxygenation per se. The results of the 

present thesis suggest that persistent oxic bottom waters of the Baltic Sea 

would cause a long-term, large reduction of the benthic DIP flux, and possi-

bly benthic DOP and PP release due to bioturbation. DIP is more readily 

bioavailable than DOP and PP, and bioturbation-driven benthic release of 

DOP and PP may be transient phenomena. Therefore, all in all, a net reduc-

tion of P availability could be foreseen, should the area of anoxic bottoms in 

the Baltic Sea shrink.  
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Thus, artificial oxygenation has potential to disfavour P-limited diazotrophic 

cyanobacteria and to thereby also indirectly suppress the N fixation load to 

the Baltic, which has been estimated to 180–430 kton yr-1 (Larsson et al. 

2001). On the other hand, stimulation of benthic DIN and DON fluxes by 

Marenzelleria and M. affinis (Paper IV), following long-term bottom water 

oxygenation, will have an opposite influence on N availability in the water 

column. Also, total N losses in the Baltic proper appear to be stimulated by 

low oxygen conditions (Vahtera et al. 2007; Gustafsson 2012), presumably 

due to efficient denitrification in the pelagic redox cline (Dalsgaard et al. 

2013). Thus, the net outcome of artificial oxygenation on N availability in 

the Baltic is presently difficult to predict, as is thereby also the efficiency of 

the method to counteract eutrophication.  

Several indications of redox-dependent regulation of benthic DSi fluxes 

were noted. Surprisingly, previous similar findings (Mortimer 1941; Kato 

1969) have been followed up to a low extent (Nriagu 1978). Bottom water 

Fig. 5 Schematic outline of the development of benthic nutrient fluxes during a hy-
pothetical event of bottom water oxygenation and macrofaunal colonisation of pres-
ently anoxic sediments in the Baltic Sea. The high anoxic DIP efflux would rapidly 
decrease by oxygenation, while the relative decreases of the DIN and DSi fluxes 
would be smaller. Sediment colonisation by benthic macrofauna would have little 
effect on the DIP flux, but would restore the benthic DIN and DSi fluxes to similar 
or higher values than before the oxygenation. Furthermore, benthic fauna would 
enhance the DON efflux from the sediment, and also cause transient or lasting ben-
thic releases of DOP and PP. 
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oxygenation in the Baltic Sea could be expected to reduce benthic DSi flux-

es. However, this decrease would only persist until the sediments become 

inhabited by macrofauna which, in line with previous research (e.g., Aller 

1980; Rutgers van der Loeff 1984; Karlson 2007; Bonaglia et al. 2013), was 

found to greatly stimulate benthic DSi release (Fig. 5; Paper IV). Thus, the 

results of the present thesis indicate no risk that the spring diatom bloom 

becomes DSi limited following improved oxygen conditions in the Baltic 

Sea, as suggested by Danielsson (2014). 

 

Finally, scientific credibility and progress demand sound methods. Such a 

statement is likely uncontroversial to the majority of the scientific communi-

ty. However, method development within the field of sediment sampling has 

not been prioritized, and the performance of most sediment sampling devices 

is largely unknown. Our newly described box corer (Paper V) is a step for-

ward, and hopefully marks a new beginning in the quest for unbiased sedi-

ment collection.  
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