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Abstract 

This Thesis focuses on the exchange of phosphorus (P) across the sediment–water interface in the Baltic Sea 

proper, with particular attention to the influence of bioturbating macrofauna and benthic redox conditions. 

Benthic P fluxes have major influence on P availability in the water column, which in turn regulates growth 

conditions for dinitrogen fixating cyanobacteria in the Baltic proper. Presently, a very large area of bottom 

sediment is overlain by oxygen depleted bottom water and is therefore devoid of aerobic organisms.  

In paper I, anoxic sediment from the Western Gotland Basin was oxygenated and exposed to bioturbation by 

three macrofauna species in a laboratory experiment. The experimental design allowed for detailed studies of 

how bioturbating animals influence the P fluxes on a species-specific level. All species (Monoporeia affinis, 

Mysis mixta, and Macoma balthica) mobilised dissolved organic P from the bottom sediment to the supernatant 

water. Also, particulate P was released by the two former species. None of these P fractions showed any mobility 

in control sections of the aquarium system. These animal-dependent P fluxes are a previously largely overlooked 

but potentially significant source of bioavailable P in coastal marine areas, such as the Baltic Sea.  

In paper II, we estimate a contemporary reflux of 146 kton dissolved inorganic P (DIP) from bottom sediments 

in the Baltic proper. This estimate is based on data from a large number of in situ benthic flux measurements 

using benthic chamber landers along a depth gradient in the Eastern Gotland Basin. DIP effluxes increased with 

increasing water depth, and decreasing bottom water oxygen concentrations. Bottom water anoxia was identified 

as a major driver for the mobilisation of DIP from bottom sediments. During such conditions, the DIP efflux was 

well correlated to carbon oxidation rate, while on oxic bottoms DIP fluxes were low irrespectively of the carbon 

oxidation rate. Our data support the hypothesis of a positive feedback loop of self-amplifying eutrophication in 

the Baltic Sea. Thus, both nutrient emission cuts and active mitigation actions to strengthen sedimentary P sinks 

are warranted for effective remediation of eutrophication in the Baltic Sea. 
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Scope 

This Thesis is primarily focused on bottom water oxygen concentrations and benthic 

macrofauna as drivers for benthic–pelagic coupling of phosphorus (P) in the Baltic Sea 

proper. The influence of bioturbation on the exchange of P matter across the sediment–water 

interface upon (re)oxygenation of Baltic proper sediment was assessed in paper I. The current 

state of internal dissolved inorganic P (DIP) loading was evaluated in paper II. This was 

conducted by means of in situ benthic flux measurements along a gradient in depth and redox 

conditions in the Eastern Gotland Basin.  

Introduction 

Being a key element in DNA and a variety of other bio molecules, P is a vital element for all 

living organisms (Westheimer 1987). Often, P is the limiting element for photosynthetic 

primary production in freshwater systems (Schindler 1977; Hecky & Kilham 1988). Also, P 

limitation has been reported for a number of marine environments, such as the Mediterranean 

Sea (Krom et al. 1991; Thingstad et al. 1998), in northern parts of the Gulf of Bothnia 

(Andersson et al. 1996) and in the Sargasso Sea (Wu et al. 2000). In the Baltic proper, P 

limitation develops during summer when the phytoplankton community is dominated by 

dinitrogen (N2) fixating cyanobacteria (Nausch et al. 2004).  

 

Phosphorus is primarily transported to coastal marine areas by rivers and, on a global scale, 

this source of P have at least doubled due to fertilisation and other anthropogenic activities 

(Howarth et al. 1995). The increased input of P has caused eutrophication (cf., Nixon 1995) in 

many lakes and coastal marine areas (Correll 1998). Sediments constitute the only long-term 

sink for P, and their capacity of retaining P, affect to a large degree production conditions in 

aquatic systems.  

Study area – the Baltic Sea 

The Baltic Sea is one of the largest semi-enclosed, brackish sea areas. It stretches from the 

Danish Straits in the south, to the border between Sweden and Finland in the north, 

constituting a total area of about 377 000 km
2
 (Elmgren 2001). The average depth is 60 m, 

with the trench of the Landsort Deep, 459 m, as the deepest locality (Ehlin & Mattisson 

1976). 
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The Baltic Sea (Fig. 1) is sub-divided into three major water bodies of different salinity, 

which are separated by sills. The northernmost one, the Bothnian Bay, has a surface salinity 

of 2–4 PSU. Moving southwards, the salinity increases gradually, with surface salinities 

ranging from 5–6 and 6–8 PSU for the Bothnian Sea and the Baltic proper (including the Gulf 

of Finland and the Gulf of Riga), respectively (Fig. 1). Due to the combination of periodic salt 

water inflows water over the sills in the Danish Straits and freshwater run-off (Stigebrandt 

2001), a permanent halocline is present in the Baltic Sea. Water below the halocline has a 

salinity of up to 17 PSU (Leppäranta & Myrberg 2009). During long stagnations periods (i.e., 

the time between inflows via the Kattegat), oxygen becomes depleted in the deep water of the 

Baltic proper and the Gulf of Finland. 

 

 

Figure 1. Map of the Baltic Sea area. 

 

Eutrophication in the Baltic Sea accelerated in the late 1960s to the mid 1980s, when the 

winter water nitrogen (N) and P concentrations rose sharply in the open Baltic proper (Nausch 

et al. 2008; HELCOM 2009). This led to an increase in the deposition of organic matter to the 

Baltic proper sediments (Jonsson & Carman 1994, but see Blomqvist & Heiskanen 2001), and 

the resulting higher demand for oxygen was probably the main reason for the deteriorating 

oxygen conditions in the sub-halocline water mass (Elmgren 1989, 2001; Conley et al. 2009). 
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Today, about 40% of the total bottom area in the Baltic proper (including the Gulf of Riga and 

the Gulf of Finland) is overlain by hypoxic (dissolved O2 concentrations less than 2 ml l
-1

 or 

91 µM) or anoxic bottom water (Hansson et al. 2011). As a result of oxygen depletion, 

macrobenthos communities are very sparse or completely absent below 70-80 m depth in the 

Baltic proper (Karlson et al. 2002). The transition into more reducing bottom water conditions 

per se and also the concurrent loss of macrofauna in large areas of the benthic habitat have 

undoubtedly had major impact on the biogeochemical cycling of N and P in the Baltic (Hille 

2005; Karlson 2005). 

 

Net primary production during spring in the Baltic proper is limited by the amount of 

bioavailable N in the upper mixed layer (Granéli et al. 1990; Rosenberg et al. 1990; Kivi et al. 

1993). The resulting surplus of bioavailable P after the spring bloom is one governing factor 

in the development of diazotrophic cyanobacterial blooms (Vahtera et al. 2007). Blooms of 

cyanobacteria have become increasingly common in the last 50 years (Finni et al. 2001), and 

N-fixation constitute a source of N to the Baltic proper comparable in amount to the total 

riverine input (Larsson et al. 2001). 

Material and methods 

A brief description of the benthic flux incubation techniques is merited as they are an integral 

part of this Thesis. By confining a known volume of water overlying a known area of bottom 

sediment, benthic fluxes can be estimated from the concentration change versus time in the 

supernatant water. Flux incubations in this study typically last for about 24 hours, during 

which the supernatant water is repeatedly sampled. Fluxes are statistically evaluated by linear 

regression. 

 

The manipulative approach in paper I required ex situ incubations. The experiment was 

conducted in a flow-through aquarium consisting of 12 sections, which were incubated 

independently (Fig. 2 in paper I). The experimental design allowed for detailed mechanistic 

studies on how three species of benthic macrofauna affect benthic P fluxes on a species-

specific level. This experiment involved the determination of several P fractions in the 

supernatant water (Fig. 2). DIP, total dissolved P (TDP) and total P (TP) concentrations were 

all determined by chemical analysis. The two former after membrane filtration (pore size 0.45 

µm) and therefore operationally “dissolved” P fractions. TP samples also include any 

“particulate” matter larger than 0.45 µm. The dissolved organic P (DOP) fraction was 
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operationally defined as the concentration difference between TDP and DIP. The partuculate 

P (PP) fraction was defined as the concentration difference between TP and TDP. 

 

 

 

 

Figure 2. Operationally defined P fractions. Fractions in blue boxes were determined by 

chemical analysis. Fractions in red boxes were defined by concentration differances between the 

analysed fractions. Digestion of P matter in TDP and TP samples was done by acid-persulphate 

at high temperature. Modified after Worsfold et al. (2008). 

 

In paper II, flux incubations were performed in situ by means of benthic chamber landers (see 

front cover). The main advantage of this technique is that key parameters (e.g., temperature, 

salinity and dissolved oxygen conditions) inside the chamber are close to ambient conditions. 

There are 2 to 4 chambers (each 20 x 20 cm) on the landers, which is favourable for 

assessments of small scale spatial variability of fluxes across the sediment–water interface. 

General findings 

Paper I 

In Paper I, we report novel findings from a laboratory experiment regarding the exchange of P 

matter due to macrofaunal recolonisation of previously long-term anoxic Baltic proper 

sediment. Bioturbation by investigated Baltic Sea species (Monoporeia affinis, Mysis mixta 
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and Macoma balthica) caused mobilisation of DOP from the sediment to the supernatant 

water. The former two species also mobilised PP by bioresuspension. No exchanges of DOP 

or PP were detected across the sediment–water interface in oxic sediments unaffected by 

bioturbation, or during azoic hypoxic conditions.  

 

Fluxes of DIP appeared to be mainly controlled by oxygen conditions in the near bottom 

water (i.e., higher DIP retention during oxic conditions than during bottom water hypoxia; as 

already recognised by Einsele 1936, 1938; Mortimer 1941, 1942), but largely unrelated to the 

presence or absence of bioturbating macrofauna. The DOP effluxes from bioturbated 

sediment sections were of similar magnitude as the DIP uptake rates. It was concluded that 

the initial effect of increased P immobilisation upon oxygenation of anoxic sediments may 

diminish on longer timescales, as animal recolonisation progresses. 

 

Paper II 
Our large number of direct in situ benthic DIP flux measurements along a depth gradient (30–

210 m) in the Eastern Gotland Basin represents the most comprehensive data set from this 

area. DIP fluxes were close to zero in oxic sediments in the depth range of 30–60 m. 

Consistently much higher DIP fluxes were recorded from anoxic sediments between 124–210 

m depth. The benthic effluxes from these sediments were also relatively enriched in P 

compared to dissolved inorganic carbon (DIC – a proxy for organic matter oxidation) and 

dissolved inorganic N (DIN). Thus, it was confirmed that dissolved oxygen conditions in the 

supernatant water efficiently trap DIP within the sediment, but that anoxic/hypoxic sediments 

have a very low capacity of retaining P. This was also indicated by the very low TP burial 

efficiency of 4% in anoxic accumulation sediments. 

 

We assumed that anoxic and hypoxic bottom sediments make up 15% and 28% of the total 

bottom area in the Baltic proper (Hansson et al. 2011), respectively. Data extrapolation 

provided a contemporary annual benthic DIP supply of 146 kton to the Baltic proper. This 

DIP supply is an order of magnitude larger than the external TP load to the Baltic proper, and 

also substantially larger than previous estimates based on ex situ measurements.  
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Discussion and outlook 

Bioturbation and benthic P fluxes 
The reflux of P from coastal marine sediments is often an essential source of bioavailable P to 

the productive zone. The main pathway of this mobilisation involves organic matter 

remineralisation in the surficial sediment, and diffusive or advective transport of regenerated 

DIP to the bottom water (Matthisen 1998). 

 

It is clear that not only DIP, but also DOP compounds, and even particulate P fractions may 

be highly bioavailable (Karl & Björkman 2002; Stepanauskas et al. 2002; Nausch & Nausch 

2007). This was first recognised by Chu (1946) who proposed that effluxes of these fractions 

from the bottom sediment may be essential processes of the marine P cycle (Fig. 3). Chu’s 

hypothesis has remained largely untested and benthic–pelagic coupling of DOP is generally 

not considered to be a significant source of bioavailable P to the pelagic zone. 

 

 

 

 

Figure 3. Chu’s suggestion of essential processes in the aquatic P cycle. From Chu (1946). 
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Chu (1946) proposed that P mobilisation can occur “by bacteria, physical and chemical 

action” (Fig. 3). In paper I, we show that macrozoobenthos may mediate an efflux of DOP 

compounds upon colonisation of previously anoxic and azoic bottom sediment from the 

Western Gotland Basin. Bioresuspension by the two mobile crustaceans M. affinis and M. 

mixta also resulted in a release of particulate P to the supernatant water.  

Previous investigations on the effects of macrofauna on benthic nutrient cycling have almost 

entirely focused only on soluble inorganic nutrient species (for review see Karlson et al. 

2007a). The influence of Baltic Sea macrofauna on benthic DIP fluxes appears to vary 

between species of different functional groups (defined by their feeding type, mobility and 

feeding habit; Bonsdorff & Pearson 1999). For example, the burrowing semi-mobile 

deposit/suspension feeding bivalve M. balthica stimulates DIP release to the water column 

(Karlson et al. 2005, Viitasalo-Frösén et al. 2009), whereas the deposit feeding amphipod M. 

affinis appear to have a slight opposite effect (Tuominen et al. 1999; Karlson 2007; Karlson et 

al. 2007b). We saw similar indications as benthic uptake rates were slightly higher in 

sediments inhabited by M. affinis than those bioturbated by M. balthica. However, DIP fluxes 

appeared much more related to oxygen conditions, and were mostly uninfluenced by 

bioturbation.  

 

The DOP efflux in bioturbated sediments was comparable in size to the DIP flux rates. Given 

that deep Baltic proper sediments often contain large amounts of organic P (Carman et al. 

2000; Ahlgren et al. 2006), it is reasonable to assume that bioturbation of this matter supplies 

organic P to the water column. The often high bioavailability of DOP compounds in marine 

systems is becoming increasingly apparent (Benitez-Nelson & Buesseler 1999). Thus, a 

potentially very important aspect of macrofaunal bioturbation has previously been largely 

overlooked.  

 

The implications of our results somewhat depends on if our reported animal-controlled DOP 

and PP fluxes are steady state phenomena in oxic bioturbated sediments or an effect of 

bioturbation during transitions from anoxic to oxic conditions. Insignificant DOP fluxes from 

coastal oxygenated sediment in the Gulf of Finland bioturbated by M. balthica (Lethoranta & 

Heiskanen 2003) hint the latter, but more detailed studies are clearly needed.  

 

Furthermore, we do not know the exact mechanism of bioturbation-driven DOP mobilisation. 

Our results suggest that bioresuspension of organic P in the sediment is at least part of the 
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explanation, but it cannot be ruled out that animal execratory products could be a direct 

source of DOP to the overlying water. For example, about half of the dissolved P fraction 

excreted by the marine benthic amphipod Lembos intermedius and freshwater tubificid worms 

was in organic form (Johannes 1964, Gardner et al. 1981). Finally, in order to quantify the 

role of bioturbating macrofauna as suppliers of organic and particulate P in terms of their 

potential to increase productivity, the bioavailability of the released matter needs to be 

assessed. 

Benthic P dynamics in Eastern Gotland Basin sediments  

The influence of oxygen on the burial and recycling of P in marine sediments is highlighted in 

paper II. Only 4% of TP deposited in the Eastern Gotland Basin deep accumulation bottoms 

is buried in the sediment. The remainder is recycled back to the water column in the form of 

DIP. The average in situ DIP flux from anoxic accumulation bottoms in the Baltic proper is 

higher than previous estimates based on pore water gradient data (Hille 2005; Mort et al. 

2010; Łukawska-Matuszewska & Burska 2011), which is a more uncertain method (Sundby et 

al. 1986; Viktorsson et al. 2012). The DIP fluxes were positively correlated to the DIC fluxes 

on anoxic stations. This shows that the rate of organic matter degradation is an important 

driver for benthic DIP fluxes in anoxic sediments of the Baltic proper. 

 

Conversely in oxic sediments, low or even negative (i.e., sedimentary uptake of DIP) fluxes 

that were not correlated to DIC production rates indicate very efficient trapping mechanisms 

of DIP under oxic conditions. Pore water profiles of DIP, dissolved iron (Fe), and dissolved 

manganese (Mn) indicate that Fe (oxy)hydroxide and Mn–Fe oxide/hydroxide particles in the 

surficial oxidised sediment may act as a barrier that diminishes the flux of DIP to the 

overlying bottom water (e.g., Sundby et al. 1992; Howarth et al. 1995; Yao & Millero 1996; 

Dellwig et al. 2010). 

Missing P sink(s) in the Baltic proper? 
Assuming that organic matter deposited to the sediment have a stoichiometric C:N:P 

composition similar to the Redfield ratio (Redfield et al. 1963; cf., Emeis et al. 2000), the very 

low DIC:DIP and DIN:DIP ratios in benthic effluxes from long-term anoxic Baltic Sea 

sediments (paper II, Mort et al. 2010; Jilbert et al 2011; Viktorsson et al. 2012) show that P is 

preferentially regenerated during organic matter diagenesis. Preferential P regeneration has 

previously been thought to be a unique feature of anoxic sediments (i.e., Ingall et al. 1993; 
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Slomp et al. 2002). The basis for this conclusion is that benthic effluxes from oxic bottoms 

have DIC:DIP ratios close to or above the Redfield ratio (Ingall & Jahnke 1997; Viktorsson et 

al. 2012), and that sediments deposited and buried under oxic bottom water conditions are 

relatively P rich (Ingall et al. 1993). However, it now appears that preferential regeneration of 

P from organic matter is not a redox dependent process, but also occurs in oxic sediments 

(Steenbergh et al. 2011). If true, this implies that the large dichotomy between DIC:DIP flux 

ratios under oxic and anoxic conditions are due to even more efficient trapping mechanisms 

of P within oxic sediments than previously understood.  

 

Due to the low concentrations of dissolved Fe in anoxic parts of the Baltic proper (paper II, 

Blomqvist et al. 2004), annual fluctuations in the Baltic proper DIP content of up to 112 kton 

due to variations in the areal extent of hypoxic/anoxic sediments (Conley et al. 2002) are 

additional indications that redox dependent P immobilisation processes in Baltic proper 

sediments are underestimated. For example, the role of Mn (Ingri et al. 1991; Yao & Millero 

1996; Dellwig et al. 2010; Yakushev et al. 2007) and bacterial assembleges (Gächter & Mayer 

1993; Goldhammer et al. 2010) as P scavengers merit further studies. 

Implications for management 
The estimated annual benthic reflux of 146 kton DIP to the Baltic proper (paper II) is larger 

than previously reported estimates (Emeis et al. 2000) and considerably larger than external 

land-derived sources (Gustafsson et al. 2012). This supply of DIP from the bottom sediments, 

plus a potential release of DOP and PP by macrofauna (paper I) undoubtedly contribute to 

eutrophication of the Baltic Sea. Not only due to the direct input of bioavailable P to the 

ecosystem, but also indirectly, since increased P availability stimulate N-fixating 

cyanobacteria (Moisander et al 2007; Walve and Larsson 2007). Increased input of new N 

stimulates primarily the spring bloom, which efficiently sinks out and deposits on the 

seafloor. Increased deposition per se (paper II) and also the reduction of oxygen and other 

electron acceptors during degradation of this matter, may further increase internal loading of 

DIP to the water column (Vahtera et al. 2007; Conley et al. 2009). Thus, effective 

eutrophication remediation strategies should involve both nutrient emission cuts and means to 

reduce current sedimentary DIP loading (cf., Blomqvist and Rydin 2009; Naturvårdsverket 

2012). 



 

15 

 

Acknowledgements 

I want to sincerely thank my excellent main supervisor Sven Blomqvist for all support and for 

teaching me, among many things, the true meaning of critical thinking. I am also very grateful 

and fortunate to be supervised, taught, and supported by my deputy supervisor Per Hall. I 

wish to thank my colleagues and friends at the Department of System Ecology and within the 

BOX-project group. A special thanks to the staff of the Chemistry Laboratory for all your 

help and skilful chemical analyses. To my wife Linnéa – thank you for making my life so 

much better! This work was funded by the Swedish Environmental Protection Agency via the 

BOX-project. 

References 
 

Ahlgren J, Reitzel K, Tranvik L, Gogoll A, Rydin E (2006) Degradation of organic 

phosphorus compounds in anoxic Baltic Sea sediments: A 
31

P nuclear magnetic 

resonance study. Limnology and Oceanography 51:2341-2348 

Andersson A, Hajdu S, Haecky P, Kuparinen J, Wikner J (1996) Succession and growth 

limitation of phytoplankton in the Gulf of Bothnia (Baltic Sea). Marine Biology 126:791-

801 

Benitez-Nelson CR, Buesseler KO (1999) Variability of inorganic and organic phosphorus 

turnover rates in the coastal ocean. Nature 398:502-505 

Blomqvist S, Heiskanen A-S (2001) The challenge of sedimentation in the Baltic Sea. In: 

Wulff F, Rahm L, Larsson P (eds.) A Systems Analysis of the Baltic Sea, pp. 211-227. 

Springer-Verlag, Berlin 

Blomqvist S, Rydin E (2009) How to enhance long-term removal of phosphorus by bottom 

sediments sediments in the Baltic Sea [In Swedish with English summary]. Report 5914, 

Swedish Environmental Protection Agency, Stockholm. 111 pp. 

Blomqvist S, Gunnars A, Elmgren R (2004) Why the limiting nutrient differs between 

temperate coastal seas and freshwater lakes: A matter of salt. Limnology and 

Oceanography 49:2236-2241 

Bonsdorff E, Pearson TH (1999) Variation in the sublittoral macrozoobenthos of the Baltic 

Sea along environmental gradients: A functional-group approach. Australian Journal of 

Ecology 24:312-326 

Carman R, Edlund G, Damberg C (2000) Distribution of organic and inorganic phosphorus 

compounds in marine and lacustrine sediments: a 
31

P NMR study. Chemical Geology 

163:101-114 

Chu SP (1946) The utilization of organic phosphorus by phytoplankton. Journal of the Marine 

Biological Association of the United Kingdom 26:285-295 

Conley DJ, Humborg C, Rahm L, Savchuk OP, Wulff F (2002) Hypoxia in the Baltic Sea and 

basin-scale changes in phosphorus biogeochemistry. Environmental Science & 

Technology 36:5315-5320 

Conley DJ, Björck S, Bonsdorff E, Carstensen J, Destouni G, Gustafsson BG, Hietanen S, 

Kortekaas M, Kuosa H, Meier HEM, Müller-Karulis B, Nordberg K, Norkko A, 

Nürnberg G, Pitkänen H, Rabalais NN, Rosenberg R, Savchuk OP, Slomp CP, Voss M, 

Wulff F, Zillén L (2009) Hypoxia-Related Processes in the Baltic Sea. Environmental 

Science & Technology 43:3412-3420 



 

16 

 

Correll DL (1998) The role of phosphorus in the eutrophication of receiving waters: a review. 

Journal of Environmental Quality 27:261-266 

Dellwig O, Leipe T, März C, Glockzin M, Pollehne F, Schnetger B, Yakushev EV, Böttcher 

ME, Brumsack H (2010) A new particulate Mn–Fe–P-shuttle at the redoxcline of anoxic 

basins. Geochimica et Cosmochimica Acta 74:7100-7115 

Ehlin U, Mattisson I (1976) Volymer och areor i Östersjöområdet [In Swedish with English 

summary]. Vannet i Norden 1:16-20 

Einsele W (1936) Über die Beziehungen des Eisenkreislaufs zum Phosphatkreislauf im 

eutrofen See [In German]. Archiv für Hydrobiologie 29:664–686 

Einsele W (1938) Über chemische und kolloidchemische Vorgänge in Eisen-Phosphat-

Systemen unter limnochemischen und limnogeologischen Gesichtspunkten [In German]. 

Archiv für Hydrobiologie 33:361-387 

Elmgren (1989) Man’s impact on the ecosystem of the Baltic Sea: Energy flows today and at 

the turn of the century. Ambio 18:326-332 

Elmgren R (2001) Understanding human impact on the Baltic ecosystem: Changing views in 

recent decades. Ambio 30:222-231 

Emeis K-C, Struck U, Leipe T, Pollehne F, Kunzendorf H, Christiansen C (2000) Changes in 

the C, N, P burial rates in some Baltic Sea sediments over the last 150 years—relevance 

to P regeneration rates and the phosphorus cycle. Marine Geology 167:43-59 

Finni T, Kononen K, Olsonen R, Wallström K (2001) The history of cyanobacterial blooms in 

the Baltic Sea. Ambio 30:172-178 

Gächter R, Meyer JS (1993) The role of microorganisms in mobilization and fixation of 

phosphorus in sediments. Hydrobiologia 253:103-121 

Gardner WS, Nalepa TF, Quigley MA, Malczyk JM (1981) Release of phosphorus by certain 

benthic invertebrates. Canadian Journal of Fisheries and Aquatic Sciences 38:978-981 

Goldhammer T, Brüchert V, Ferdelman TG, Zabel M (2010) Microbial sequestration of 

phosphorus in anoxic upwelling sediments. Nature Geoscience 3:557-561 

Granéli E, Wallström K, Larsson U, Granéli W, Elmgren R (1990) Nutrient limitation of 

primary production in the Baltic Sea area. Ambio 19:142-151 

Gustafsson BG, Schenk F, Bleckner T, Eilola K, Meier HEM, Müller-Karulis B, Neumann T, 

Ruoho-Airola T, Savchuk OP, Zorita E (2012) Reconstructing the development of Baltic 

Sea eutrophication 1850-2006. Ambio 41:534-548 

Hansson M, Andersson A, Axe P (2011) Areal extent and volume of anoxia and hypoxia in 

the Baltic Sea, 1960-2011. Report Oceanography No. 42, Swedish Meteorological and 

Hydrological Institute (SMHI). 

http://www.smhi.se/polopoly_fs/1.19219!Oxygen_timeseries_1960_2010_20111219.pdf[

Downloaded 12 December 2012] 

Hecky RE, Kilham P (1988) Nutrient limitation of phytoplankton in freshwater and marine 

environments: A review of recent evidence on the effects of enrichment. Limnology and 

Oceanography 33:796-822 

HELCOM (2009) Eutrophication in the Baltic Sea – An integrated thematic assessment of the 

effects of nutrient enrichment and eutrophication in the Baltic Sea region. Baltic Sea 

Environment Proceedings No. 115B, Helsikni Commission, Helsinki, Finland 

Hille S (2005) New aspects of sediment accumulation and reflux of nutrients in the Eastern 

Gotland Basin (Baltic Sea) and its impact on nutrient cycling. Dissertation zur Erlangung 

des akademishen Grades doctor rerum naturalium (Dr. rer. nat.) der Mathematisch-

Naturwissenschaftlichen Fakultät der Universität Rostock, Rostock, Germany, 120 pp. 

Howarth R, Jensen HS, Marino R, Postma H (1995) Transport to and processing of P in near-

shore and oceanic waters. In: Tiessen H (ed) Phosphorus in the Global Environment: 

Transfers, Cycles, and Management, pp. 323-345. SCOPE 54. Wiley, Chichester 

http://www.smhi.se/polopoly_fs/1.19219!Oxygen_timeseries_1960_2010_20111219.pdf


 

17 

 

Ingall E, Jahnke R (1997) Influence of water-column anoxia in the elemental fractionation of 

carbon and phosphorus during sediment diagenesis. Marine Geology 139:219-229 

Ingall ED, Bustin RM, Van Capellen P (1993) Influence of water column anoxia on the burial 

and preservation of carbon and phosphorus in marine shales. Geochimica et 

Cosmochimica Acta 57:303-316 

Ingri J, Löfvendahl R, Boström K (1991) Chemistry of suspended particles in the southern 

Baltic Sea. Marine Chemistry 32:73-87 

Jilbert T, Slomp CP, Gustavsson BG, Boer W (2011) Beyond the Fe–P-redox connection: 

preferential regeneration of phosphorus from organic matter as a key control on Baltic 

Sea nutrient cycles. Biogeosciences 8:1699-1720 

Johannes RE (1964) Uptake and release of phosphorus by a benthic marine amphipod. 

Limnology and Oceanography 9:235-242 

Jonsson P, Carman R (1994) Changes in depisition of organic matter and nutrients in the 

Baltic Sea during the twentieth century. Marine Pollution Bullentin 28:417-426 

Karl DM , Björkman KM (2002) Dynamics of DOP. In: Hansell D, Carlson CA (eds.) 

Miogeochemistry of Marine Dissolved Organic Matter, pp. 249-366. Elsevier, 

Amsterdam 

Karlson K (2005) Impact of benthic macrofauna on sediment biogeochemistry – the 

importance of bottom water oxygen concentrations. PhD Thesis, Department of Marine 

Ecology, Göteborg University, Göteborg, Sweden, 489 pp. 

Karlson K (2007) Diurnal bioturbating activities of Monoporeia affinis: effects on benthic 

oxygen and nutrient fluxes. Marine Ecology Progress Series 331:195-205 

Karlson K, Rosenberg R, Bonsdorff E (2002) Temporal and spatial large-scale effects of 

eutrophication and oxygen deficiency on benthic macrofauna in Scandinavian and Baltic 

waters – a review. Oceanography and Marine Biology: an Annual Review 40:427-489 

Karlson K, Hulth S, Ringdahl K, Rosenberg R (2005) Experimental recolonisation of Baltic 

Sea reduced sediments: survival of benthic macrofauna and effects on nutrient cycling. 

Marine Ecology Progress Series 294:35-49 

Karlson K, Bonsdorff E, Rosenberg R (2007a) The impact of benthic marofauna for nutrient 

fluxes from Baltic Sea sediments. Ambio 36:161-167 

Karlson K, Hulth S, Rosenberg R (2007b) Density of Monoporeia affinis and biogeochemistry 

in Baltic Sea sediments. Journal of Experimental Marine Biology and Ecology 344:123-

135 

Kivi K, Kaitala S, Kuosa H, Kuparinen J, Leskinen E, Lignell R, Marcussen B, Tamminen T 

(1993) Nutrient limitation and grazing control of the Baltic plankton community during 

annual succession. Limnology and Oceanography 38:893-905 

Krom MD, Kress N, Brenner S, Gordon LI (1991) Phosphorus limitation of primary 

productivity in the eastern Mediterranean Sea. Limnology and Oceanography 36:424-432 

Larsson U, Hajdu S, Walve J, Elmgren R (2001) Baltic Sea nitrogen fixation estimated from 

the summer increase in upper mixed layer total nitrogen. Limnology and Oceanography 

46:811-820 

Lehtoranta J, Heiskanen A-S (2003) Dissolved iron:phosphate ratio as an indicator of 

phosphate release to oxic water of the inner and outer coastal Baltic Sea. Hydrobiologia 

492:69-84 

Leppäranta M, Myrberg K (2009) Physical oceanography of the Baltic Sea. Springer-Verlag, 

Berlin-Heidelberg-New York, 378 pp. 

Łukawska-Matuszewska K, Burska D (2011) Phosphate exchange across the sediment–water 

interface under oxic and hypoxic/anoxic conditions in the southern Baltic Sea. 

International Journal of Oceanography and Hydrobiology 40:57-71 



 

18 

 

Matthisen (1998) Phosphate release from marine sediments: by diffusion, advection and 

resuspension. PhD Thesis, Department of Chemistry, University of Aarhus, Århus, 

Denmark, 156 pp. 

Moisander PH, Paerl HW, Dyble J, Sivonen K (2007) Phosphorus limitation and diel control 

of nitrogen-fixing cyanobacteria in the Baltic Sea. Marine Ecology Progress Series 

345:41-50 

Mort HP, Slomp CP, Gustafsson BG, Andersen TJ (2010) Phosphorus recycling and burial in 

Baltic Sea sediments with contrasting redox conditions. Geochimica et Cosmochimica 

Acta 74:1350-1362 

Mortimer CH (1941) The exchange of dissolved substances between mud and water in lakes: I 

and II. Journal of Ecology 29:280-329 

Mortimer CH (1942) The exchange of dissolved substances between mud and water in lakes: 

III and IV. Journal of Ecology 30:147-201 

Naturvårdsverket (2012) Artificiell syresättning av Östersjöns djupbottnar genom 

syrepumpning [In Swedish with English summary]. Report 6522, Swedish Environmental 

Protection Agency, Stockholm, 51 pp. 

Nausch G, Nehring D, Nagel K (2008) Nutrient concentrations, trends and their relation to 

eutrophication. In: Feistel R, Nausch G, Wasmund N (eds.) State and Evolution of the 

Baltic Sea, 1952–2005, pp. 337-366. John Wiley & Sons, New Jersey 

Nausch M, Nausch G (2007) Bioavailable dissolved organic phosphorus and phosphorus use 

by heterotrophic bacteria. Aquatic Biology 1:151-160 

Nausch M, Nausch G, Wasmund N (2004) Phosphorus dynamics during the transition from 

nitrogen to phosphate limitation in the central Baltic Sea. Marine Ecology Progress Series 

266:15-25 

Nixon (1995) Coastal marine eutrophication: A definition, social causes, and future concerns. 

Ophelia 41:199-219 

Redfield AC, Ketchum BH, Richards FA (1963) The influence of organisms on the 

composition of sea-water. In: Hill MN (ed.) The Sea, Vol 2, pp. 26-77. Wiley, New York 

Rosenberg R, Elmgren R, Fleischer S, Jonsson P, Persson G, Dahlin H (1990) Marine 

eutrophication case studies in Sweden. Ambio 19:102-108 

Schindler DW (1977) Evolution of phosphorus limitation in lakes. Science 195:260-262 

Slomp CP, Thomson J, de Lange GJ (2002) Enhanced regeneration of phosphorus during 

formation of the most recent eastern Mediterranean sapropel (S1). Geochimica et 

Cosmochimica Acta 66:1171-1184 

Stigebrandt A (2001) Physical oceanography of the Baltic Sea. In: Wulff F, Rahm L, Larsson 

P (eds.) A Systems Analysis of the Baltic Sea, pp. 19-74. Springer-Verlag, Berlin 

Steenbergh AK, Bodelier PLE, Hoogveld HL, Slomp CP, Laanbroek J (2011) Phosphatases 

relieve carbon limitation of microbial activity in Baltic Sea sediments along a redox-

gradient. Limnology and Oceanography 56:2018-2026 

Stepanauskas R, Jørgensen NOG, Eigaard OR, Žvikas A, Tranvik LJ, Leonardson L (2002) 

Summer inputs of riverine nutrients to the Baltic Sea: Bioavailability and eutrophication 

relevance. Ecological Monographs 72:579-597 

Sundby B, Anderson LG, Hall POJ, Iverfeldt Å, van der Loeff MMR, Westerlund SFG (1986) 

The effect of oxygen on release and uptake of cobalt, manganese, iron and phosphate at 

the sediment-water interface. Geochimica et Cosmochimica Acta 50: 1281-1288 

Sundby B, Gobeil C, Silverberg N, Mucci A (1992) The phosphorus cycle in coastal marine 

sediments. Limnology and Oceanography 37:1129-1145 

Thingstad TF, Zweifel UL, Rassoulzadegan F (1998) P limitation of heterotrophic bacteria 

and phytoplankton in the northwest Mediterranean. Limnology and Oceanography 43:88-

94 



 

19 

 

Tuominen L, Mäkelä K, Lehtonen KK, Haahti H, Hietanen S, Kuparinen J (1999) Nutrient 

fluxes, porewater profiles and denitrification in sediment influenced by algal 

sedimentation and bioturbation by Monoporeia affinis. Estuarine Coastal and Shelf 

Science 49:83-97 

Vahtera E, Conley DJ, Gustafsson BG, Kuosa H, Pitkänen H, Savchuk OP, Tamminen T, 

Viitasalo M, Voss M, Wasmund N, Wulff F (2007) Internal ecosystem feedbacks 

enhance nitrogen-fixing cyanobacteria blooms and complicate management in the Baltic 

Sea. Ambio 36:186-194 

Viitasalo-Frösén S, Laine AO, Lehtiniemi M (2009) Habitat modification mediated by motile 

surface stirrers versus semi-motile burrowers: potential for a positive feedback 

mechanism in a eutrophied ecosystem. Marine Ecology Progress Series 376:21-32 

Viktorsson L, Almroth-Rosell E, Tengberg A, Vankevich R, Neelov I, Isaev A, Kratsov V, 

Hall POJ (2012) Benthic phosphorus dynamics in the Gulf of Finland. Aquatic 

Geochemistry (in press) doi: 10.1007/s10498-011-9155-y 

Walve J, Larsson U (2007) Blooms of Baltic Sea Aphanizomenon sp. (Cyanobacteria) collaps 

after internal phosphorus depletion. Aquatic Microbial Ecology 49:57-69 

Westheimer FH (1987) Why nature chose phosphates. Science 235:1173-1178 

Worsfold PJ, Monbet P, Tappin AD, Fitzsimons MF, Stiles DA, McKelvie ID (2008) 

Characterisation and quantification of organic phosphorus and organic nitrogen 

components in aquatic systems: a review. Analytica Chimica Acta 624:37-58 

Wu JF, Sunda W, Boyle EA, Karl DM (2000) Phosphate depletion in the western North  

Atlantic Ocean. Science 289:759-762 

Yakushev EV, Pollehne F, Jost G, Kuznetso I, Schneider B, Urnlauf L (2007) Analysis of the 

water column oxic/anoxic interface in the Black and Baltic seas with a numerical model. 

Marine Chemistry 107:388-410 

Yao WS, Millero FJ (1996) Adsorption of phosphate on manganese dioxide in seawater. 

Environmental Science & Technology 30:536-541 



 

 

 

 

Stockholms universitet/Stockholm University 

SE-106 91 Stockholm 

Telefon/Phone: 08 – 16 20 00 

www.su.se 


