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Chapter 5.2.4
Marine Biogeochemistry 
1. Introduction, (B. Schneider)
Will be written at the very end.

2. Major biogeochemical fluxes and transformations (K. Eilola)
Based on the figure the interaction between the major biogeochemical fluxes and transformations will be addressed. This sub-chapter is intended to provide a guide through the whole biogeochemistry chapter. It will be written after the content of the following sub-chapters is clear.
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Fig_ 10.13: Long-term variation of oxygen and hydrogen sulphide concentrations in the
central Baltic deep water (hydrogen sulphide converted into negative oxygen equivalents
after Fonselius 1969).




Fig.1: Scheme of biogeochemical fluxes and transformations in the Baltic Sea.
3. Basis for current knowledge (K. Eilola)
Observations and data: Information about the physical, chemical and biological variables in the Baltic Sea is regularly gathered within national monitoring programs by Denmark, Estonia, Finland, Germany, Latvia, Lithuania, Poland, Russia and Sweden. The international co-operation between the countries and the European community is governed by the Baltic Marine Environment Protection Commission (http://www.helcom.fi/) (HELCOM) who provides data services and conducts environmental assessments based on the data. Other international sources of data and information are the International Council for the Exploration of the Sea (ICES) (www.ices.dk) and the European Monitoring and Evaluation Programme (EMEP) (www.emep.int) that provides information about atmospheric emissions and depositions of nutrients. In the year 2009 the Baltic Nest Institute (BNI) (www.balticnest.org) started a partnership with several other institutes to create a system of distributed databases where each one of the partners (see http://nest.su.se/bed/hydro_chem.shtml) made the data hosted in their respective databases publicly available, together with all public domain data in the Baltic Environmental Database (BED), via DAS (Data Assimilation System) (http://bniweb.stockholmresilience.su.se/das/). 
Model approaches:The development of more complex coupled physical-biogeochemical models started with horizontally integrated models and still coupled models dividing the Baltic Sea into a number of dynamically inter connected sub basins are state of the art. With the increased use of super computer resources however the more computationally expensive three dimensional coupled circulation models that allow for high-resolution regional information has also become state of the art at the larger institutes. Most state-of-the-art biogeochemical models are similar in that they describe dynamics of nitrogen, oxygen and phosphorus including the inorganic nutrients nitrate, ammonia and phosphate, and particulate organic matter consisting of phytoplankton (autotrophs), dead organic matter (detritus) and zooplankton (heterotrophs). Silicate may also be explicitly included in some models. Organic matter is typically produced from the inorganic nutrients by a number of functional groups of phytoplankton that may differ between models, but usually includes diatoms, flagellates and others, and cyanobacteria. Sinking organic material enters the model sediment as benthic nitrogen and phosphorus. Hydrogen sulfide concentrations are represented by “negative oxygen” equivalents (1 ml H2S l−1=−2ml O2 l−1). Differences between biogeochemical models may e.g. be due to parameterizations of nutrient fluxes between sediment and water and also in the rates and parameterizations of transformations of nutrients within the water column. In some models the stoichiometry of the organic matter may be constant according to the so-called Redfield ratio while others may have variable stoichiometric relations. During recent years also biogeochemical models including acidification and the uptake and release of carbon dioxide have been developing in the Baltic Sea. In addition to above these models include also total alkalinity, pH, and dissolved inorganic and organic carbon. In additions there are also Baltic Sea biogeochemical models including sulfur, iron and manganese that are used to study active processes in the transitions between oxic and anoxic conditions.
4. Changes in external forcing (B. Schneider)
External forcing has a strong impact on biogeochemical processes and internal fluxes. This refers to both the climate-driven physical forcing and the input of biogeochemically reactive substances via rivers, water exchange with the North Sea and the atmosphere. The physical forcing controls not only the water transport and thus the horizontal and vertical distribution of temperature and salinity, but affects also the concentrations of nutrients, oxygen and carbon species. However, changes in the biogeochemical cycles during the last centuries were mainly induced by changes in the input of substances which contribute to biogeochemical transformations.    

Nutrients inputs: Compilations of data concerning the waterborne (riverine input and point sources) and the atmospheric input of nitrogen and phosphorus into the Baltic Sea are available through various publications by HELCOM. The input data refer to both the inorganic and organic forms of nitrogen and phosphorus. Whereas the inorganic species are readily available for biological production, it is still an open question how much of the organic fraction is bioavailable and thus contributes to eutrophication. A summary of an input estimate (HELCOM, 2005) that refers to the year 2000, is given in BACC-I. An updated estimate based on data for 2001 - 2006 was recently published (HELCOM, 2011). According to this report, the annual waterborne inputs of nitrogen and phosphorus amount to 641,000 t-N/y and 28,700 t-P/yr, respectively. Taking into account the atmospheric nitrogen deposition of 198,000 t-N/yr (Bartnicki, 2009) yields a total nitrogen input into the Baltic Sea of 840,000 t-N/yr (Table 1). According to HELCOM (2010) the atmospheric phosphorus deposition contributes 5 % to the total phos(1,500 t-P/yr) and yields a total phosphorus input of 30,200 t-P/yr (Table 2). These estimates do not differ significantly from the values given in the previous HELCOM (2005) report and presented in BACC-1. However, substantial differences exist with regard to alternative input calculations by Savchuk et al. (2009) which yield significantly higher waterborne and atmospheric inputs for both nitrogen and phosphorus (Table 1 and 2). The total inputs of nitrogen and phosphorus exceed the HELCOM (2011) estimates by 20 % and 40 %, respectively. These differences indicate the uncertainties that are associated with the input calculations due to the use of different data sources and methodologies.

An input estimate for 1985 (Table 1 and 2) is given by Larsson et al. (1995) and may be used to assess the efficiency of emission reduction measures that have been implemented in some riparian countries. Whereas a change in the waterborne nitrogen input is not detectable, there seems to be a trend towards lower atmospheric nitrogen deposition since 1985. The situation is more clear for the waterborne phosphorus inputs which obviously decreased in the order of 30 % - 40 % during the last decades. No conclusions can be drawn regarding temporal changes of the atmospheric phosphorus deposition because the discrepancies between the contemporary inputs are too large.

	N input [t/yr]
	waterborne
	airborne
	total

	contemporary


	641,0001
737,0003
	198,0002
278,0003
	839,0001
1,015,0003

	1985
	641,0004
	322,0004
	963,0004

	beginning of the

20th century
	364,0003

150,0004
	28,0003

83,0004
	392,0003

233,0004


Table 1: Historical development of the waterborne and airborne total nitrogen inputs into the Baltic Sea. (1HELCOM, 2011, 2Bartnicki et al., 2011, 3Savchuk et al., 2008, 4Larsson et al., 1995)
	P input [t/yr]
	waterborne
	airborne
	total

	contemporary
	28,7001
35,9003
	1,5001
6,3003
	30,2001
42,2003

	1985
	51,6004
	5,5004
	57,1004

	beginning of the

20th century
	11,0003

6,8004
	5003

2,8004
	11,5003

9,6004


Table 2: Historical development of the waterborne and airborne total phosphorus inputs into the Baltic Sea. (1HELCOM, 2011, 2Bartnicki et al., 2011, 3Savchuk et al., 2008, 4Larsson et al., 1995)
Attempts have been made to estimate the nutrient inputs at the beginning of the last century when the influence by human activities such as intensified agriculture and industrialization was low. Larsson et al. (1985) considered rivers in northern Scandinavia as “pristine” and used the nutrient concentrations together with the river water discharge into the entire Baltic Sea to calculate the total pre-anthropogenic nitrogen and phosphorus inputs. The estimate of the corresponding atmospheric input was based on the assumption that the nitrogen and phosphorus deposition increased by a factor of 5 and 2, respectively, due to human activities. 

Based on different sources of information and “expert knowledge” Schernewski and Neumann (2005) compiled nutrient concentrations in 15 rivers which comprised about 90 % of the freshwater discharge into the Baltic Sea. Savchuk et al. (2008) used these data to calculate the nitrogen and phosphorus inputs into the entire Baltic Sea. To estimate the pre-industrial atmospheric deposition Savchuk et al. (2008) followed the approach of Schernewski and Neumann (2005). It was assumed that the nitrogen deposition was 10 % of the mean during 1980 – 1990 and that the phosphate deposition amounted to 1 %  (molar basis) of the nitrogen deposition.   

The results of the estimates by Larsson et al. (1985) and Savchuk et al. (2008) are summarized in Table 1 and 2. They show large discrepancies which reflect the difficulties in reconstructing historical environmental conditions. However, since the differences in the waterborne and atmospheric inputs are partly cancelling each other, the discrepancies for the total inputs are less drastic. The total nitrogen input given by Larsson et al. (1985) exceeds the estimate by Savchuk et al. (2008) by 68 %, whereas the values for the total phosphorus inputs are almost identical. For the comparison with the contemporary total inputs we refer to the study by Savchuk et al. (2009) because this is based on comparable calculation schemes for both the historical and the contemporary input estimates. This results in an increase of the total nitrogen and phosphorus inputs by a factor of 2.6 and 4.4, respectively. 

 This paragraph will possibly be updated after publication of the ECOSUPPORT results.

Carbon inputs: Huge amounts of inorganic and organic carbon are entering the Baltic Sea via rivers and are affecting both the CO2 system and the oxygen budget. The inputs were estimated by Kulinski and Pempkowiak (2011) using the mean concentrations of total organic carbon (particulate and dissolved) and inorganic carbon (total CO2) in more than 60 rivers in connection with flow data. The input of total organic carbon amounted to 4,090,000 t-C/yr. It is possible that the organic carbon input increased during the last century due to the intensification of agriculture and possibly also by rising temperatures. However, this cannot be substantiated by data.

For the input of inorganic carbon Kulinski and Pempkowiak (2011) report a value of 6,810,000 t-C/yr. Since the concentrations of total CO2 in river water are mainly controlled by the alkalinity which is primarily a consequence of limestone dissolution, changes during the last century are very likely. Hjalmarsson et al. (2008) analyzed historical alkalinity data from the northern Baltic which go back to the year 1911. They concluded that the alkalinity input into the Gulf of Finland by River Neva increased during the last century. This was attributed to acidic precipitation which in a limestone-rich catchment such as of River Neva may intensify weathering and thus increase the alkalinity. The alkalinity data for the eastern Gotland Sea reported by Buch (1945) for 1928 – 1938 is by about 100 µmol/kg lower than that measured during the last two decades (SMHI, Swedish National Monitoring Programme). This indicates that an increase of the alkalinity occurred not only in River Neva but also in other rivers draining the eastern and southern catchment.
Finally, the rising atmospheric CO2 must be taken into account which affects the marine CO2 system in many ways. The concentrations increased from a pre-industrial level of about 280 µatm to about 400 ppm in 2010 (see sub-chapter …). The rate of the increase is steadily growing and amounts since 2000 on average 2.0 ppm/yr No significant differences between the concentrations at remote northern hemisphere background stations and those in the atmosphere over the Baltic Sea could be detected (Schneider, 2011). 
5.  Current understanding in biogeochemistry and past changes

5.1 Organic matter production and nutrient availability (B. Muller-Karulis)
In the Baltic Sea, phytoplankton communities undergo a distinct seasonal succession in parallel to the temporal dynamics of light and nutrients (see Wasmund and Siegel, 2008 for a detailed description), characterized by several blooms, i.e. periods of temporary mass occurrence of phytoplankton (Wasmund and Siegel, 2008). Phytoplankton development starts when surface layer stratification increases and light conditions improve with a spring bloom dominated by diatoms and dinoflagellates. The spring bloom consumes the nutrient pool accumulated during winter and is terminated when its limiting nutrient is exhausted. During summer, when thermal stratification limits the nutrient supply to the euphotic zone, a diverse phytoplankton community is established and phytoplankton growth relies mainly on regenerated nutrients. In the Baltic Proper and the Gulf of Finland, cyanobacteria blooms occur regularly during summer, favored by low N/P ratios. With the weakening of the thermocline in autumn nutrients are mixed into the euphotic zone, causing an autumn bloom which is terminated by light limitation. 

Except for the Bothnian Bay (Sandberg et al., 2004, Sandberg 2007), and, based on CO2 budgets also the Bothnian Sea (Algesten et al., 2004, Algesten et al. 2006) the Baltic subbasins are net autotrophic systems that mostly process carbon derived from phytoplankton primary production (Elmgren 1984, Sheffer 1987). Net primary production, i.e. the amount of inorganic carbon and nutrients phytoplankton assimilates into organic matter minus the amount used by respiration by the autotrophs themselves, thus initiates the biogeochemical cycles of carbon, nitrogen, phosphorus and silica in the Baltic Sea. In the Baltic, primary production is most commonly measured with the 14C method, which theoretically gives results between net and gross primary production (Bender et al. 1987, Peterson 1980). Intercomparison of 14C measurements has shown large methodological differences in the Baltic (Larsson et al. 2010, Andreasson et al. 2009, ICES 2008). Other attempts have focused on net community production, i.e. the excess of organic matter production over respiration by both autotroph and heterotroph organisms (e.g. Smith and Hollibaugh, 1993, Wasmund et al. 2005). For the Baltic spring bloom, net community production has been estimated by depletion of the winter nutrient pool, budgets of dissolved and particulate organic carbon, as well as changes in total CO2 in the upper mixed layer (Wasmund et al. 2005). Some earlier works have even approximated annual primary production from the consumption of the winter nutrient pool (Elmgren 1989, Shaffer 1986). 

In the Kattegat and Belt Sea area, where consistent time-series of primary production measurements by the 14C method are available, eutrophication has led to a doubling of primary production between 1950 and 1980 (Rydberg et al. 2006, see Fig. 2). Estimates for the increase in primary production for the Baltic Proper range from an increase by 30 – 70 % since the beginning of the 20th century (Elmgren 1989) to a doubling in the 1970s and 1980s (Wasmund et al. 2001). Also decreasing δ13C values in bottom sediments support an increase in primary production due to eutrophication (Voss et al. 2000).

[image: image2.emf]
Nutrient fluxes associated with primary production and organic matter sedimentation are determined by the uptake ratio of nutrients during phytoplankton growth. With large fluctuations, N:P ratios cluster around 16 in particulate matter from the Baltic Proper (Ptacnik et al. 2010), but in particular under nutrient limitation, C:P and N:P ratios exceed Redfield ratios (e.g. Nausch et al. 2004, Walve and Larsson 2007, Kangro et al. 2007, Engel et al. 2002, Walve and Larsson 2010), whereas under nutrient replete conditions phosphorus has been shown to be taken up in excess (Wasmund et al. 1998). 

A substantial part of the organic carbon assimilated during primary production is mineralized within the euphotic zone itself. The remainder, net community production, is available for sedimentation, export from the Baltic Sea, or assimilation into the biomass of higher trophic levels. Net organic carbon production in the Gotland Basin, estimated by CO2 measurements, has increased 2.5 times since the 1920s (Schneider and Kuss, 2004). Similarly, sedimentation of organic matter in the Baltic Proper has increased between 25% after 1950 (Hansson and Gustafsson 2011) and 70 % between the late 1920s and 1980s (Jonsson and Carman 1994). 

(Sedimentation of organic matter, which initiates benthic-pelagic coupling depends not only on the magnitude of primary production, but also on the structure of the pelagic ecosystem (see e.g. Boyd and Trull, 2007 and references therein). In the Baltic two periods in the annual phytoplankton succession are therefore particularly important for its biogeochemical nutrient turnover: the spring bloom, which largely determines sedimentation, and the occurrence of cyanobacteria in the summer communities of the Baltic Proper, the Gulf of Finland and the Gulf of Riga, which constitute an additional nitrogen source.

5.1.1 Spring bloom

Because of the strong temporal mismatch between spring phytoplankton and zooplankton grazers in the Baltic, a large fraction of the spring bloom settles down (Lignell et al. 1993, Heiskanen and Leppänen 1995) and sedimentation of the phytoplankton spring bloom dominates the annual input of organic matter to the sediments (Heiskanen and Leppänen 1995, Heiskanen and Tallberg 1999, Heiskanen et al. 1998). Total biomass of spring phytoplankton has increased during the 1970s and 1980s, followed by a decrease in the 1990s, related to trends in winter DIN concentrations (Wasmund et al. 2011, Wasmund et al. 1998, Raateoja et al. 2005, Fleming and Kaitala 2006) or, in the Kattegat and Danish Straits, nitrogen loads. Sedimentation of phytoplankton spring blooms has been mainly related to diatoms, which sediment readily (Passow 1991) while dinoflagellates tend to disintegrate in the water column (Heiskanen and Kononen 1994, Bianchi et al. 2002, Heiskanen 1993), making diatoms the dominant sediment input even in dinoflagellate blooms (Olle and Heiksanen 1999, Heiskanen and Kononen 1994). 
The taxonomic composition of Baltic phytoplankton spring blooms, in particular the ratio between diatoms and dinoflagellates depend on winter severity. The Baltic provides a unique niche for cold-water dinoflagellates (Kremp et al. 2003, Jaanus et al. 2006), which dominate spring blooms when early stratification hampers the growth of diatoms that require higher turbulence (Klais et al. 2011, Wasmund et al. 1998). Therefore, n the Baltic Proper, the Bothnian Bay, the Western part of the Gulf of Finland, and to a lesser degree also the Gulf of Riga, dinoflagellates replace diatoms at an earlier stage of the spring bloom, leading to a larger overall share of dinoflagellates after mild winters (Klais et al. 2011, Wasmund et al. 2011, Wasmund and Uhlig 2003, Wasmund et al. 1998, Jurgensone et al. 2011). In addition, low DSi:DIN ratios have been indicated to favor dinoflagellate blooms (Yurkovskis et al. 1999, Jaanus et al. 2006). Only in the Kattegat and Danish Straits, where the shallow permanent halocline provides continous wind mixing of the entire euphotic zone blooms are generally dominated by diatoms (Henriksen 2009, Klais et al. 2011).

Mesocosm studies have shown that the spring bloom starts earlier in warmer water columns (Sommer et al. 2007, Lewandowska and Sommer 2007), but its peak biomass does not increase because of the higher grazing pressure (Lewandowska and Sommer 2010, Gaedke et al. 2010, Dahlgren et al. 2011), it is dominated by smaller phytoplankton species (Sommer et al. 2007, Lewandowska and Sommer 2007, Dahlgren et al. 2011), and it is shorter in duration (Sommer et al. 2007). In addition also coupling between phytoplankton and bacterial production increases (Hoppe et al. 2008) and consequently spring bloom sedimentation decreased in warmer systems (Keller et al. 1999, Müren et al. 2005, Maar and Hansen 2011).

High-frequency monitoring has shown the spring bloom in the central Baltic to start earlier between 1992 and 2004 (Fleming and Kaitala 2006), but besides water temperature onset of the phytoplankton spring bloom in the Baltic is also influenced by freshwater advection stratifying the water column (Eilola 1997, Eilola and Stigebrandt 1998, Stipa and Vepsäläinen 2002, Stipa 1999, 2004), and in the Southern Baltic by quick restratification after mild winters, when cooling did not reach the temperature of maximum density (Fennel 1999).
5.1.2 Summer communities and cyanobacteria blooms

Blooms of nitrogen fixing cyanobacteria are an important input of nitrogen to the Baltic ecoystem. Nitrogen fixation has been suggested to increase organic matter production, sedimentation, and ultimately via increased hypoxia accelerate phosphorus release from the bottom sediments, lead to a “vicious cycle” of eutrophication (Vahtera 2007). Based on field observations, the nitrogen input by cyanobacteria in the Baltic Proper is estimated between 20 – 792 kt N year-1 (median 173 kt N year-1, based on sources in Degerholm et al. 2008), estimates from biogeochemical models result in 200 – 800 kt N year-1 (Neumann and Schernewski 2008, Savchuk and Wulff 2007). This means that N input by nitrogen fixation is similar to the annual riverine nitrogen load to the Baltic Proper (286 kt N year-1 in 2000, HELCOM 2003). This new nitrogen input not only sustains the growth of cyanobacteria in summer communities, but is also transferred via organic matter mineralization to non-nitrogen fixing phytoplankton (Ohlendieck et al. 2007).
Baltic cyanobacteria blooms are formed by the heterocycstous species Nodularia spp., Aphanizomenon spp., and Anabaena spp. (Sohm et al. 2011), which are furthered by high water temperatures (Laamanen and Kuosa 2005, Lips and Lips 2008, Kanoshina et al. 2003, Mazur et al. 2006, Jaanus et al. 2011), and calm conditions (Kanoshina et al. 2003, Mazur et al. 2006). Blooms are mostly initiated by Aphanizomenon spp., which tolerate lower water temperatures (Lehtimäki et al. 1997, Laamaenen and Kuosa 2005), followed by Nodularia spp. (Lips and Lips 2008). Both species are also separated by salinity preference (Nodularia5 – 20 PSU (Wasmund 1997), Aphanizomenon 0 – 5 PSU (Lehtimäki et al., 1997). Nodularia has higher growth and nitrogen fixation rates (see sources in Degerholm et al. 2006), and therefore the species composition of Baltic cyanobacteria blooms might have implications for the total amount of fixed nitrogen. However, in contrast to other species, Nodularia spumigena responds to increasing pCO2 levels with a pronounced decline in growth rate (Czerny et al. 2009). 
Cyanobacteria blooms have occurred in the Baltic Sea since the early brackish Litorina Sea state (~ 7000 B.P.), in particular during hypoxic bottom water conditions (Bianchi et al. 2000). Observations suggest an increase of cyanobacteria after the 1960s (Finni et al. 2001) and during the past three decades, satellite images (Kahru 1994, Kahru et al. 2007) record regular summer blooms in the Baltic Proper, the Gulf of Finland, Gulf of Riga, and occasionally also the Bothnian Sea. The magnitude of the blooms has been explained by excess inorganic dissolved phosphorus (eDIP, Kahru et al. 2007, Lilover and Stips 2008, Lips and Lips 2008, Eilola et al. 2009, Janssen et al. 2004), i.e. the pool of phosphorus not consumed during the phytoplankton spring bloom. The actual mechanism by which eDIP is taken up by summer communities and eventually transferred to cyanobacteria is complex and potentially involves storage in particulate (Nausch et al. 2008), and dissolved organic matter (Nausch and Nausch 2007). In addition, blooms benefit from additional phosphorus in frontal and upwelling regions (Kononen et al. 1999, Nausch et al. 2009).
5.1.3 Surface water nutrient concentrations 

In the Baltic Sea, both nitrogen and phosphorus have been shown to limit primary production. While the spring communities in the Kattegat (Graneli 1987, Graneli et al. 1990), the Baltic Proper (Graneli et al. 1990, Wasmund et al. 1998), the central Gulf of Finland and the Bothnian Sea are generally N-limited (Tamminen and Andersen, 1997), P limitation prevails in the Bothnian Bay (Tamminen and Andersen, 1997). In the proximity of freshwater sources, limitation patterns can change spatially and interannually, depending on runoff (Yurkovskis 2004, Tamminen and Seppälä 1999, Seppälä et al. 1999, Pitkänen and Tamminen, 1995).

Since the beginning of systematic monitoring in the 1970s, surface winter DIN and – with the exception of the Bothnian Bay also DIP - have increased in all basins of the Baltic Sea, reaching a peak between 1980 and 1990 (HELCOM 2009). In subbasins with short residence time like the Danish Straits, DIN and DIP closely followed nutrient inputs, with pronounced concentration declines since 1990 (Carstensen et al. 2006). Decreasing winter DIN concentrations after the mid or late 1980s have also been observed in all other Baltic subbasins except the Bothnian Bay (HELCOM 2009). Winter DIP concentrations in the Baltic Proper and the Gulf of Finland seem to be more closely related to phosphorus concentrations beneath the Baltic Proper halocline and thus linked to inflow dynamics and internal phosphorus loading  (HELCOM 2009, Conley et al. 2002). Consequently, winter DIP concentrations increased again after the 2003 inflow in the Baltic Proper and already after the 1996 inflow in the Gulf of Finland (HELCOM 2009). In the Gulf of Riga, winter DIP concentrations also remained on a high level due to internal loading from bottom sediments (Müller-Karulis and Aigars 2011). 

5.2 Organic matter decomposition and nutrient recycling
5.2.1 Oxygen depletion and H2S formation (T. Neumann)
The oxygen conditions in the Baltic Sea are a result of physical transport of oxygen and consumption of oxygen by biogeochemical processes. Owing to the positive freshwater budget and the bathymetry of the Baltic Sea, a strong and permanent density stratification is formed and set up by a salinity gradient. In the main basin, the Gotland basin, the depth of the pycnocline is about 70m.  The permanent density stratification nearly prevents vertical exchange, and therefore oxygen cannot be transported from surface waters directly into the deep water body below the pycnocline. Lateral intrusions and inflows below the pycnocline is the only effective way of oxygen transport. To reach the deep waters, the inflowing water needs a density which allows the water to level in the deeper, near-bottom parts of the Baltic Sea. Those inflows occur irregularly and long periods exist (several years) without an essential inflow.  During longer periods without a sufficient supply of oxygen to the deep water, the continuous consumption of oxygen by decomposition of organic matter yields to oxygen depletion and deficiency. In this way the Baltic Sea is, due to its hydrography, vulnerable for hypoxia and anoxia (Conley et al. 2009a).

The most northern part of the Baltic Sea, the Bothnian Sea and Bothnian Bay, is characterized by weaker density stratification. During some years vertical ventilation by deep convection is possible. Owing to the vertical ventilation and a lower primary production this part of the Baltic Sea is much less affected by hypoxic condition.

Inflows of dense water have effects on the properties of the bottom water. In general, salinity and oxygen concentration increase. Oxygenated water decreases the phosphate flux from sediments due to phosphate binding to iron-3-hydroxophospate complexes. Under anoxic conditions ammonium cannot be nitrified to nitrate and accumulates in the bottom water. A detailed summary of inflow dynamics and effects on hydrographic parameters, oxygen and nutrients is given in Feistel, Nausch, Wasmund 2008, chapter 10.

The main reason for oxygen demand in the sea water is the decomposition of organic matter by heterotroph processes which use up energy stored in the organic matter and thus reverses the photosynthesis. Most of the organic matter is decomposed back into inorganic nutrients and carbon dioxide. The decomposition of organic matter requires an electron acceptor (oxidant) which is provided first by oxygen. When oxygen becomes depleted sulfate will be used instead (after denitrification). Sulfate reduction results in hydrogen sulfide production which is a toxin for many forms of life.

In a marine ecosystem inorganic nutrients and carbon dioxide will be used to form organic matter by autotroph organisms. This process fixes carbon dioxide in the surface water and transports it as organic carbon into the deeper waters of the marine system and is sometimes referred to as the biological pump. In addition to the vertical transport of organic matter a considerable lateral transport of organic particles contributes to the carbon flux in the central parts of the Baltic Sea (Schneider 2010, Hille et al. 2006, Emeis et al. 2000).

Since each organic carbon atom is transformed to a CO2 molecule, the accumulation of total CO2 in stagnant deep water was used to determine mineralization rates (Schneider et al., 2002; Schneider et al., 2010). Historic deep water data of total inorganic carbon (CT) data originate from 1928 – 1938 (Buch, 1945) and indicate a lower accumulation compared to the present day situation. This is certainly a consequence of the lower input of particulate organic matter into deeper water layers due to the reduced biomass productivity at the beginning of the last century.
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Fig. 3: Long-term variations of oxygen and hydrogen sulphide in the central Baltic Sea deep water (hydrogen sulphide converted into negative oxygen equivalents, after Fonselius, 1969) 

Eutrophication is considered as the main factor controlling the low oxygen concentrations in the deep water of the modern Baltic Sea (Larsson et al. 1985, Conley et al. 2009). The observed deep water oxygen conditions during the last 100 years (Fig. 3) show that occurrence of hydrogen sulfide became much more frequent in the last decades. The increased availability of organic carbon due to eutrophication requires more electron acceptors and therefore the depletion of oxygen and formation of hydrogen sulfide is accelerated. A strong eutrophication in the Baltic Sea started in the 1970s and reached its maximum in the 1980s (Elmgren 2001). During 1980 until 1993 there was a long stagnation period with almost no inflows from the North Sea. Both together, stagnation and eutrophication caused high concentrations of hydrogen sulfide in the deep water of the Gotland Basin. Other locations (Landsort Deep), however, showed an increase of the oxygen concentration. In this case the weakened stratification enhanced the vertical oxygen flux. Long stagnation periods are characterized by decreasing hypoxic areas and increasing hydrogen sulfide concentrations in the central Gotland Sea as shown by Conley et al. 2002 and Conley et al. 2009a.

Sedimentary records suggest that even in historic times, periods with low oxygen conditions and anoxic conditions occurred in the Baltic Sea (Conley et al. 2009a, Virtasalo et al. 2011). These time periods were related to warmer climate periods like the medieval climate anomaly (MCA).  During colder periods e.g. the Little Ice Age the deep water was well ventilated. However, the mechanism behind the large scale meteorological conditions in the different climate periods and the oxygen conditions in the Baltic Sea are not well understood and subject of ongoing research. The role of human impact during the MCA is uncertain and still discussed. There is a hypothesis that human activities had an impact on the oxygen conditions in the Baltic Sea due to increased nutrient supply during the MCA (Zillén et al. 2008, Zillén and Conley, 2010).

5.2.2 Nitrogen transformations (B. Schneider)
Transformations between nitrogen species depend on the oxygen conditions (redox potential) and are mediated by microbial activity. In seawater the most important chemical forms of nitrogen are ammonia and organic amines, nitrous oxide, elemental nitrogen, nitrite and nitrate. Here we consider those reactions which take place during the mineralization of organic matter below the photic zone. Ammonia is the primary product of the mineralization process. At oxic conditions nitrification takes place by which ammonia is rapidly oxidized first to nitrite and finally to nitrate. By vertical mixing nitrate may be transported again into the photic zone where it becomes  available for new production. 
As a by-product of the nitrification process nitrous oxide is formed. Although the contribution amounts only to a few percent, it is of importance since it may be released to the atmosphere and thus contributes to the greenhouse gas inventory of the atmosphere. 
A nitrogen transformation with more far-reaching consequences for the nitrogen budget is the denitrification process. At oxygen concentrations below a level of about 5 µmol/L (Devol, 2008), nitrate is used as an oxidant for the organic matter mineralization and becomes reduced to elemental nitrogen. Hence, nitrate is removed from the nutrient pool and is no longer available for new production. In contrast to this heterotrophic denitrification, chemolithoautotrophic denitrification does not need organic matter since nitrate is reduced to N2 by H2S. According to Brettar and Rheinheimer (1991) chemolithoautotrophy is the major denitrification mechanism at the pelagic redoxcline whereas it is assumed that the heterotrophic denitrification dominates at the transition to anoxic conditions in sediments.

Both denitrification pathways require hypoxic waters or the existence of a redoxcline. In most areas of the Baltic Sea such conditions are found in the sediments and only in the deep basins hypoxic and anoxic conditions may occur in the water column during stagnant conditions. Still, most of the investigations on denitrification focused on the pelagic redoxcline. Incubation experiments have been used to determine denitrification rates (Rönner and Sörensson, 1985; Brettar and Rheinheimer, 1991, 1992; Brettar et al., 2006; Hannig et al., 2007) which, however, did not allow to estimate the large scale effect of denitrification on the Baltic Sea DIN (dissolved inorganic nitrogen) budget. Other studies used measurements of the N2 production in order to quantify the effect of denitrification (Rönner and Sörensson, 1985; Löffler et al., 2011). An example is given in Fig. 4 which illustrates the increase of the N2 concentration due to denitrification in the Gotland Sea deep water. Mass balances were used by Gustafsson and Stigebrand, (2007) and Schneider et al. (2010) to quantify the denitrification that takes place during  the transition from oxic to anoxic conditions after a water renewal in the Gotland Sea deep water. 
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Fig. 4:  Excess of elemental nitrogen in the Gotland Sea deep water caused by denitrification. Measured concentrations (solid line) are up to 40 µmol/L larger than the concentrations that refer to equilibrium with the atmospheric nitrogen (dashed line) (Löffler et al., 2010). 
In addition to the process-oriented investigations, attempts have been made to quantify the large scale denitrification. Based on a mass balance model Shaffer and Rönner (1984) report a total denitrification for the Baltic Proper of 470 kt-N/yr which corresponds to a removal of about 50 % of the total DIN input into the Baltic Sea. Furthermore, they estimated that 80 % - 90 % of the denitrification occurred in surface sediments and that thus the denitrification at the pelagic redoxcline is of minor importance. Voss et al. (2005) concluded from isotopic measurements (δ15N) that the sediments of the coastal rims play an important role for the removal DIN. They found that the annual denitrification in coastal areas of the Baltic Proper may range between 580 kt-N and 855 kt-N. This implies that the river DIN load is largely removed close to the coast and has only a minor effect on the eutrophication of the central basins. Deutsch et al. (2010) investigated the denitrification in sediments with different physical and chemical properties. The results were extrapolated to the entire Baltic Sea by the use of maps describing the sediment characteristics for the entire Baltic Sea. For the Baltic Proper the sediment denitrification amounted 191 kt-N/yr. Together with the denitrification at the pelagic redoxcline that was calculated from the rate measurements of Brettar and Rheinheimer (1991), a total denitrification of 397 kt-N/yr was obtained for the Baltic Proper. For the remaining regions where no pelagic redoxcline exists, Deutsch et al. (2010) report a sediment denitrification of 235 kt-N/yr. Hence, the total denitrification in the Baltic Sea (823 kt-N/yr) agrees with the upper limit given by Voss et al. (2005).  
Another pathway for the removal of DIN is the anoxic oxidation of ammonia (anammox), during which ammonia and nitrite which is an intermediate of the denitrification, are transformed to N2. The existence of this process in the Baltic Sea was substantiated (e.g. Hannig et al., 2007), however, its overall importance in relation to denitrification is unclear since only regional studies exist. Schneider et al. (2010) estimated an anammox contribution to the total N2 production of less than 5 % during the transition from oxic to anoxic conditions in the Gotland Sea deep water. 
Past changes: Direct evidence for long-term changes in denitrification does not exist. However, denitrification is favored by the existence of strong redox gradients which are generated by the sedimentation of organic matter and thus depend on the intensity of the biological production. As a consequence, an increase of the denitrification can be assumed due to eutrophication. This hypothesis is supported by observations of Vahtera et al. (2007) who found a negative correlation between the concentrations of DIN and the volume of hypoxic water. Therefore, it is possible that the denitrification increased during the last century and may have mitigated the eutrophication effect caused by increasing DIN inputs. On the other hand, higher denitrification rates and a concurrent increased phosphate release at hypoxic conditions (see 3.2.3) are decreasing the N/P ratio in the nutrient pool (Savchuk, 2010). This will favor the nitrogen fixation which may compensate for the DIN loss by denitrification.

5.2.3 Phosphorus transformation (K. Lukkari)

A considerable part of P depositing to the marine sediments is organic (Berner et al. 1993; Delaney 1998) and its proportion of P in the Baltic sediments varies (e.g., Carman and Cederwall 2001). Part of P in decaying organic material reaches the bottom in the shallow sea and mineralization and transformation processes continue in the sediment, as reflected by decreasing organic P content with sediment depth (e.g., Ahlgren et al. 2006; Lukkari et al. 2009; Mort et al. 2010). Mineralization of organic P results in small organic molecules and phosphate (PO43-), which is used by algae and bacteria in various molecules in structural compounds, synthesis and transport of energy, and carrying genetic information. PO43- is also readily bound onto amorphic hydrated oxides of metals, mainly those of iron (Fe) (Mortimer 1941; Hingston et al.1967). Hydrated oxides of Fe precipitate in oxic conditions and they can form particle coatings. Fe-bound P is abundant in oxic surface sediments of the Baltic (Balzer 1986; Jensen and Thamdrup 1993; Lukkari et al. 2009; Mort et al. 2010). 
In organic rich sediments, common in the Baltic, O2 consumption in mineralization can create reduced conditions. After reduction of nitrate or manganese oxides, Fe in the hydrated oxide is reduced resulting in release of Fe-bound P (Einsele 1936; Mortimer 1941; Froelich et al. 1979; Burdige 1993). In reduced sediments, Fe(oxy)hydroxides are not able to form or they form only a thin layer to the sediment surface, which is not able to retain PO43- effectively (Mortimer 1971). According to the "vicious circle"-theory, eutrophication nourishes itself by increasing production and sedimentation of organic matter, degradation of which causes hypoxia. When hypoxia extends to oxic bottom areas rich in Fe-bound P, it releases more P from the sediment (e.g., Vahtera et al. 2007). If vertical mixing in the water column supplies PO43- released from sediment to the productive layer, it can further enhance algal growth.
Changing O2 conditions affect also transformation of other P forms than Fe-bound P. Regeneration of organic P is enhanced in sediments overlain by anoxic water (Ingall et al. 1993; Ingall and Jahnke 1994). Organic P compounds bound onto Fe(hydr)oxides may become more easily available for degradation (Suzumura and Kamatani1995) and the release of PO43- from polyphosphates stored in microbes can be enhanced (Gächter et al. 1988; Ingall and Jahnke 1994; Hupfer et al. 2004). Mn-oxides that precipitate in oxic conditions can also retain PO43- (e.g., Ingri et al. 1991) but they are reduced and release PO43- more easily than Fe(hydr)oxides (Mortimer 1971). Furthermore, in oxic conditions, bottom fauna can mix PO43- from pore water to water or enhance binding of PO43- to the sediment increasing the oxidized surface area. Bioturbation can also cause vertical and horizontal transportation of particulate P and affect mineralization of organic matter by enhancing microbial activity (Aller et al. 1988; Kristensen et al. 1988; Andersen and Jensen 1991).  

PO43- released into pore-water by mineralization of from reduced Fe-compounds can be used by organisms or bound again onto Fe(hydr)oxides at the sediment surface if it is oxic (Mortimer 1941; Krom and Berner 1981). However, PO43- is also subject to various transformation processes which make it less available for production. PO43- can be immobilized by incorporation into refractory organic matter in mineralization or adsorbed or precipitated into immobile forms. In calcareous sediments, PO43- can be bound into various Ca compounds (Stumm and Morgan 1996). Formation of authigenic apatite is not considered significant process in the Baltic (Mort et al. 2010), instead, the abundant apatite-P is mainly detrital (Jensen and Thamdrup 1993; Virtasalo et al. 2005; Lukkari et al. 2009). Hydrated oxides of aluminium, which are not sensitive for reduction, bind also PO43- (Hingston et al. 1974). In the Baltic, they have been found in estuaries and some coastal areas (Forsgren and Jansson 1993; Frankowski et al. 2002; Lukkari et al. 2008). If dissolved Fe is present in the pore water, PO43- may be precipitated as ferrous phosphate (e.g., Ruttenberg 1992; Burdige 1993). However, in brackish water sediments, sulphide can precipitate Fe as ferrosulphides (Berner 1970), which may restrict formation of Fe(hyrd)oxides at the oxidized surface (Caraco et al. 1989). 
Past changes, which have affected transformations of P in the Baltic area, are linked to each other: increased amount of P in the system causes eutrophication and increased sedimentation of organic matter, which extends hypoxia. Expanded hypoxia (Conley et al. 2008; Jonsson et al. 1990) restricts binding of P to the sediment and its removal from the nutrient cycling. 

5.3 The marine CO2 (acid/base) system (B. Schneider
The marine CO2 system is of biogeochemical importance since it is a major control for the atmospheric CO2 and since it regulates the pH of seawater. This has stimulated intensive research on the marine CO2 system during the last 20 – 30 years when the role of the oceans for the uptake of anthropogenic CO2 and the consequences for the marine biogeochemistry became increasingly evident. On the other hand, investigations of the marine CO2 system can be used to study biogeochemical processes since biological production/decomposition of organic matter are intimately connected with the consumption/release of CO2.    

Background: The marine CO2 system constitutes the major component of the acid/base balance in seawater. It is characterized by thermodynamic equilibria between hydrogen ions (pH) and the different CO2 species (Zeebe and Wolf-Gladrow, 2001; Schneider, 2011). The latter are dissolved CO2 and its reaction products with water: carbonic acid (H2CO3), hydrogen carbonate (HCO3-) and carbonate ions (CO32-). The sum of the different CO2 species is called total CO2, CT. Another important variable of the CO2 system is the CO2 partial pressure, pCO2, which is proportional to the CO2 concentration. Finally, one more variable that has to be considered is the alkalinity, AT, which is defined as the excess of proton acceptors such as HCO3- and CO32- ions over proton donators (H+). The AT controls the change in pH upon the addition of CO2 or other acidic substances and is thus regarded as the buffer capacity of seawater.

Characterization of the surface water CO2 system: The large-scale distribution of total CO2 in the Baltic Sea is widely controlled by the alkalinity. The alkalinity originates mainly from the weathering of limestone in the catchment. The soils in the southern and eastern catchment are rich in limestone and thus the rivers carry high amounts of AT into the Baltic Sea. In contrast, igneous rocks are prevailing in the Sandinavian catchment and result in low AT in Scandinavian rivers. These differences are clearly reflected in regional differences of AT/salinity relationships (Fig. 5)
Extrapolating AT to zero salinity in different regions of the Baltic Sea yields the mean AT of the corresponding inflowing river water. These vary between about 200 µmol/kg for river water entering the Gulf of Bothnia and more than 3000 µmol/kg for River Daugava that discharges into the Gulf of Riga. Finally, extrapolating to S = 35 yields the oceanic AT of about 2350 µmol/kg. 
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Fig. 5: Surface water alkalinity/salinity relationships in different regions of the Baltic Sea (adopted from Beldowski et al., 2010).  
Total CO2 measurements along a transect through the entire Baltic Sea were performed by Beldowski et al. (2010) and showed highest CT (> 2000 µmol/kg) in the Kattegat and minimum values of about 600 µmol/kg in the Bothnian Bay. However, due to biological production and mineralization, a distinct seasonal cycle is superimposed to the AT-controlled background CT and is reflected in the surface water CO2 partial pressure. The typical pCO2 seasonality of the surface water in the central Baltic Sea obtained from automated measurements on a cargo ship (Schneider et al., 2011) reveal two typical minima (Fig. 6). Despite rising temperatures the pCO2 drops below the atmospheric pCO2 in the beginning of March when the spring bloom starts and CO2 is consumed by the production of organic matter. The pCO2 minimum is reached when DIN is entirely exhausted and when the major PO4 stock is consumed.            
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Fig. 6: Typical seasonality of the surface water and atmospheric CO2 partial pressure in the central Baltic Sea (adopted from Schneider et al., 2011). 
The net biomass production is then disrupted and the pCO2 increases slightly due to the increasing temperature and the CO2 uptake from the atmosphere. However, by mid-July nitrogen-fixing cyanobacteria cause another production peak which leads to second pCO2 minimum. Later in the year the pCO2 recovers and exceeds the atmospheric level. This is  mainly due to the erosion of the thermocline and the deepening of the mixed layer which leads to the transport of CO2 enriched deeper water layers into the surface. The pCO2 is directly linked with the pH which accordingly shows a pronounced seasonality: high pH of about 8.5 is observed during the spring/summer productive period and low pH around 7.9 occur during the deepening of the mixed layer in autumn/winter (Wesslander et al., 2010).

The biologically driven seasonal cycle of the surface water pCO2 controls also the annual CO2 gas exchange balance since the gas exchange is driven by the difference between the surface water pCO2 and the relatively stable atmospheric pCO2 (∆pCO2 = pCO2sea – pCO2atm). For the Baltic Proper, Thomas and Schneider (1999) reported a CO2 uptake of 0.9 mol/m2 yr. In contrast, Wesslander et al. (2010) concluded that the Gotland and the Bornholm Sea are sources for atmospheric CO2 and release 1.6 mol/m2 yr and 2.4 mol/m2 yr CO2, respectively, to the atmosphere. These discrepancies may be due to different methodologies which both have assets and drawbacks: Wesslander et al. (2010) used pCO2 data that were calculated from long-term measurements of pH and AT whereas the estimate of Thomas and Schneider (1999) was based on direct pCO2 measurements, however, with a low temporal resolution. 

The CO2 system in stagnant deep water: The deep water of the major basins is subjected to incessantly mineralization of organic matter and total CO2 accumulates during periods of stagnation. To estimate the effect of increasing CT on the pH, concurrent alkalinity changes must be taken into account. During oxic conditions nitrification of ammonia takes place and results in a decrease of the alkalinity. This amplifies slightly the strong decrease of the pH that is caused by the gain in CT. As a consequence, the pH at oxygen concentrations close to zero may by about one unit lower than the mean surface pH. When the water is turning to anoxic conditions both denitrification and especially sulfate reduction together with the associated the release of ammonia from organic matter are increasing strongly the alkalinity. This prevents a further decrease of the pH despite the concurrent increase of CT. A stabilization of the pH at a characteristic value of about 7.2 is observed that is almost independent on further progress of the mineralization by sulfate reduction (Ulfsbo et al., 2011).  

The increase of AT by sulfate reduction and the consequences for the regulation of the pH have no effect on the surface water. In the presence of oxygen, hydrogen sulphide will be re-oxidized and the previous increase in alkalinity is reversed. In contrast, the AT increase by denitrification is not reversible and constitutes a final AT source (Edman et al., 2011). 
Past changes: A large set of historical CO2 data for the northern Baltic Sea including the Gulfs of Bothnia and Finland are available for the years 1928 – 1938 when the first pioneering studies on the marine CO2 system were performed by Kurt Buch and co-workers at the former FIMR in Helsinki. To derive changes in the marine CO2 system from these data we confine our considerations to the surface water. The interpretation of the deep water CO2 data requires detailed information about the chronology of water mass stagnation and renewal events. This is not enclosed in the Buch (1945) data which give only mean values for the period 1928 - 1938. 

The surface water pCO2 reflects the interplay between biological production, mineralization and mixing, and was subjected to large changes during the past 80 years. In the eastern Gotland Sea the pCO2 minimum was observed after the spring bloom and amounted to about 270 µatm (Buch, 1945). Taking into account the lower atmospheric pCO2 during the thirties (about 320 µatm, Callendar, 1940) a CO2 partial pressure difference, ∆pCO2, of about -50 µatm is obtained which indicates a moderate undersaturation of the surface water with regard to the atmospheric CO2. Recent pCO2 measurements show a spring bloom minimum of about 150 µatm which corresponds to a ∆pCO2 of -250 µatm (Schneider, 2011). This undersaturation is by a factor of five larger than at the beginning of the last century and can be attributed to increased organic matter production as a consequence of eutrophication. The changes in the surface water ∆pCO2 during the past 80 years are even more pronounced in mid-summer. Due to the intense N2 fixation in July, the ∆pCO2 in the central Baltic Sea amounts presently up to almost -300 µatm (Schneider et al., 2009), whereas the mean ∆pCO2 was less than -40 µatm (Buch, 1945) at this time of the year during 1928 – 1938. This indicates a low or even absent N2 fixation activity before the onset of the eutrophication. 

The differences in ∆pCO2 during the productive period yield a lower CO2 uptake in spring and summer during 1928 - 1938. Unfortunately, no pCO2 data are available for the winter period when the surface water acts as a source for CO2. Hence, it is not possible to estimate whether the northern Baltic Sea was a sink or source for atmospheric CO2 at the beginning of the last century. But model simulations indicated qualitatively that the Baltic Proper was a CO2 source during pre-industrial times. However, after the onset of eutrophication the source strength weakened and the Baltic Proper could also have become a sink for atmospheric CO2 (Omstedt et al., 2008). 

Changes in the marine CO2 system have are also due to the uptake of anthropogenic CO2. The increase of the atmospheric CO2 from 280 ppm during the pre-industrial era to a level of about 400 ppm in 2010 has lead to a corresponding increase of the mean surface water pCO2. According to the thermodynamics of the marine CO2 system a decrease of the pH by about 0.15 units can be expected if no other changes in the biogeochemical cycles had occurred. This phenomenon is called “ocean acidification” and has stimulated many research projects which are related to the ecological consequences of the decreasing pH. Monitoring programmes have included pH measurements since several decades and large amounts of data are stored at national and international data bases. However, due to methodological shortcomings (e.g. measurements in open containers) many of the older data are highly uncertain and are not suitable for a trend analysis. Data with a higher accuracy and a monthly resolution are available since the early nineties at the data centers of the SMHI and the FIMR. However, the suspected trend of 0.02 pH units per decade which corresponds to the current increase of the atmospheric CO2 of 2.0 ppm/yr, could not unambiguously be identified. This may be due to the large seasonal amplitude of the pH and/or to the considerable interannual variability. 
But it is also possible that other changes in the biogeochemical conditions may have counteracted the pH decrease: According to the data by Buch (1945) the alkalinity in the eastern Gotland Sea increased by about 100 µmol/kg. The effect on the pH is roughly an increase of 0.03 units by which the theoretical decrease since the pre-industrial area (0.15 units) was diminished. Also increased biologic production caused by eutrophication may dampen the acidification effect of the atmospheric CO2. A model study by Omstedt et al. (2008) indicates that the hypothetical annual pH decrease in the surface water was reduced by more than a factor of two at the transition from assumptive natural to present day nutrient inputs. These considerations clearly show that it is too simplistic to estimate the “ocean acidification” only on the basis of the increase of the atmospheric CO2 while ignoring counteracting changes in alkalinity and biological production. 

The increasing uptake of anthropogenic CO2 will also decrease the concentrations of carbonate ions and thus decrease the state of the calcium carbonate saturation (Ω) which is defined by: Ω = [CO3-2] * [Ca2+]/ksp (with: ksp - solubility product). This may affect the growth and possibly the survival of organisms that form shells consisting of calcite or aragonite which are the two biogenic CaCO3 modifications. Historic calcite and aragonite saturation values can be calculated from Buch`s (1945) measurements during 1928 -1938. For the surface water in the eastern Gotland Sea a maximum oversaturation is obtained for calcite during mid-summer (1.65) whereas a slight undersaturation (0.92) was found for aragonite. Despite an increase of the atmospheric CO2 by about 80 ppm since Buch`s measurements, the surface water saturation for calcite and aragonite in mid-summer did not decrease, but increased by a factor of 2.6 during the last 80 years according to the pCO2 measurements performed in 2005 (Schneider, 2009). This is mainly a consequence of the low pCO2 that is caused by the eutrophication-related high production and that has completely displaced the effect of the rising atmospheric pCO2. However, enhanced production implies increased mineralization and high CO2 in deeper water layers. Since these water masses are mixed into the surface during winter, high pCO2 are generated which add to the elevated atmospheric CO2. According to  measurements in 2005 (Schneider et al., 2009) this results in a distinct calcite and aragonite undersaturation of 0.56 and 0.31, respectively, during winter. Unfortunately, historic winter data for the CO2 system are not available, but due to the lower productivity it is very likely that the winter pCO2 were lower and that thus a less strong calcite and aragonite undersaturation existed. In summary, it can be stated that the eutrophication has had the largest effect on changes of the surface water CaCO3 saturation during the last century by enhancing strongly both the oversaturation during spring/summer and undersaturation during fall/winter. 
5.4 Burial of carbon, nitrogen and phosphorus (K. Lukkari)

In the Baltic, sediment C and N are mainly organic and they are also buried as organic compounds (Conley et al. 1997; Carman 1998; Aigars and Carman 2001; Leipe et al. 2011). A substantial part of sediment P, however, is inorganic and P is buried in both organic and inorganic forms (Carman 1998; Mort et al. 2010). Extraction methods can coarsely separate immobile and reactive (mobile) P forms: immobile forms (e.g., 26-81 % of total P, Lukkari 2008), for example, detrital apatite-P, is buried passively, while reactive or mobile forms, for example, Fe-bound P and labile organic P, can be transformed into other forms and possibly released from sediment to water. Burial of reactive P removes P from nutrient cycling (Ruttenberg 1993; Delaney et al. 2001) and, according to Mort et al. (2010) reactive P is mainly buried as organic forms in the Baltic. 

Biogeochemical cycling of C, N and P are linked via biological productivity (e.g., Mackenzie et al.1993; Anderson et al. 2001) and their burial is an important process concerning eutrophication and CO2 balance. In the Baltic, intense transportation of terrestrial and production of marine organic matter are reflected as their high contents in water and sediments (Grasshoff and Voipio 1981; Winterhalter et al. 1981). It has been suggested that sedimentation of organic matter, affecting also burial of C, N and P, has increased in the Baltic Sea as a result of eutrophication during the the last half of the 20th century (Jonsson and Carman 1994; Bonsdorf et al. 1997; Emeis et al. 2000; Vaalgamaa and Conley 2008). As an example, Jonsson and Carman (1994) suggested higher than 1.7 increase in organic matter deposition between 1920's and 1980's in the northern Baltic Proper and Emeis et al. (2001) suggested 4-fold increase in sediment accumulation in Bornholm, Gdansk and Gotland basins since 1900. According to Mort et al. (2010) burial rate of P has not clearly increased in six studied accumulation basins in the Baltic Proper. 
Riverine inputs, short distances from the shore and shallowness of the sea affect the sedimentation rates and the quality of the depositing material in the Baltic (Carman and Cederwall 2001). These properties as well as anoxic conditions favour burial of organic matter, although release of organic P can be enhanced during hypoxia (Stein 1990; Ingall et al. 1993). Furthermore, benthic fauna affects burial of C, N, and P, for example, affecting mineralization of organic matter, mixing material from oxic surface into deeper reduced sediment, and enhancing horizontal transportation of particles (Aller 1988; Kristensen 1988; Andersen and Jensen 1991). 
Carman and Cederwal (2001) estimated that 19-33%, 38-46%, and 28-41% of the sea floor in five main basins of the Baltic represent erosion, transportation, and accumulation areas, respectively. Fig. 7a shows different sediment types resulting from variable topography and sedimentation and Fig. 7b shows spatial variation in C accumulation. Land uplift still exposes new areas for erosion and affects the final burial of sediment material (e.g., Jonsson et al. 1990). Sedimentation rates can vary highly within relatively small areas, especially in the archipelagoes, because of the variable topography (Winterhalter et al. 1981) and currents in the bottom water. Some sedimentation rates determined for different sea areas are summarized in Table 3. 
      a)                                                           b)
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Figure7: Maps presenting the spatial variation in a) the sediment types and b) accumulation (burial) of particulate organic C in the Baltic Sea. Map a) is from the BALANCE Interim Report (Al-Hamdani and Reker 2007), supplied with permission from Dr. Al-Hamdani and map b) is from Leipe et al. (2011). 

	Sea area
	Sedimentation

rate (g m-2y-1)
	Burial of C*
(mmol m-2y-1)
	Burial of N

(mmol m-2y-1)
	Burial of P

(mmol m-2y-1)
	C/N 
	C/P 

	Baltic Proper
	60-34105,6)
	***15581)
	***1561)
	***10.6-24.51,3)
	8-133,7,10)
	41-1337)

*115-61110)

	Baltic Proper

(deposit. areas)
	308-132011)
	1166-58282,5,8,11)
	
	**2-804,9)
	9-155,11)
	93-2705)
*140-15004,11)

	Bothnian Bay
	120-22706)
	
	
	
	11-137)
	41-907)

*108-49210)

	Bothnian Sea
	110-61606)
	
	
	
	11-127)
	47-787)

*138-32510)

	Gulf of Finland
	140-29406)
	
	
	5.6-50.93)
	9-113,7)
	46-697)

*122-3893,10)

	Gulf of Riga
	1000-200012)
	67813)
	7713)
	6.713)
	10-137,13)
	41-547)

*106-38410,13)


Table 3: Some estimates of sedimentation and burial rates and C/N and C/P ratios (in the surface sediment) in different areas. (Will be completed later)
It is often considered that N and P are preferentially utilized in microbial degradation of fresh organic material and that deposited to sea floor and buried is enriched in C (e.g., Froelich et al. 1988; Andersen and Jensen 1992; Ingall et al. 1993; Anderson et al. 2001). Molecular ratios of organic C, N and P in sediment compared to that determined for marine organic matter (Redfield et al. 1963) have been used in estimating the origin or degradation of the material (e.g., Ruttenberg and Goñi 1997; Carman 1998). However, they are also affected by various biogeochemical processes and properties of the sedimentation environment, for example, regeneration or burial affected by hypoxia and sediment relocation (e.g. Ingall and Jahnke 1994; Anderson et al. 2001; Jilbert et al. 2011). C:N:P ratios presented in the literature for sediments in the Baltic vary depending on sea areas, bottom types, and sediment depth. Some examples of the ratios in different basins are presented in Table x (e.g., Müller 1997, Carman 1998, Edlund and Carman 2001, Hille 2005; Jilbert et al. 2011; Leipe et al. 2011). 

Several authors have reported that nutrient enrichment in the Baltic has altered the sediment C:N:P ratios (e.g., Bonsdorf et al. 1997; Emeis et al. 2000; Hille 2005; Mort et al. 2010). For example, C:P ratios have increased twofold since 1950 in Gdansk Basin (Emeis et al. 2011). As a valuable comparison, Gripenberg (1931) presented C:N ratios ranging mainly from 10 to11 in the Baltic sediments in the beginning of the 1900's. In addition to atomic ratios, changes in isotopes of sediment C and N have suggested increased nutrient load, C concentrations, and productivity in the Baltic (Voss and Struck 1997; Struck et al. 2000).

6. Response to potential future changes 
6.1 Eutrophication (T. Neumann)
The Helsinki Commission (HELCOM) has adopted several recommendations to reduce the nutrient loading of the Baltic Sea since the 1970s. A first attempt was to implement a 50% reduction for nitrogen and phosphorus loads until 1995 (HELCOM, 1988). The reduction target has not been reached (HELCOM, 2009). With eight coastal countries being members of the European Union (EU), EU policies become important for the Baltic Sea. Following the Water Framework Directive (WFD) of the European Union the nutrient reduction target is now gradually replaced by a general objective of a good ecological status (European Parliament 2000). While the WFD is restricted to marine waters up to one nautical mile from the baseline of the territorial waters, the Marine Strategy Framework Directive (MSFD, European Parliament 2008) is directed to a good environmental status in the marine environment.

Based on targets of a good environmental status maximum allowable nutrient loads have been estimated. These loads are formulated as targets in the Baltic Sea Action Plan (BSAP). The BSAP was adopted by the HELCOM member states in 2007. Compared to the period 1997-2003 a 19 % reduction for nitrogen and 42 % reduction for phosphorus loads should be reached until 2021.

With a further economic development, especially in some eastern European countries, animal protein consumption by humans will increase. It is not likely that the increasing demand of animal proteins will by imported into the Baltic Sea catchment. Moreover, a most likely scenario is the development of the agricultural sector in the transitional countries. There is a potential that large animal farms will be established in regions with low or inefficient use of agricultural land. This development will have a strong impact on the nitrogen flux from the catchment. Hägg et al. 2010 showed that the protein consumption scenario lead to 16% - 39% increase in nitrogen flux from the catchment. Including the climate effect (river discharge) the nitrogen flux range from 3% - 72%, depending on the climate scenario.

Improved sewage treatment, manure handling, and use of best available agricultural practices may reduce the phosphorus fluxes to the Baltic Sea. Decreasing phosphorus fluxes and increasing nitrogen fluxes might increase primary production in spring and decrease cyanobacteria blooms (Humborg et al. 2007).

While the phosphorus loads to the Baltic Sea probably might be reduced in the future, the perspective of nitrogen loads is not that optimistic. Even if the BSAP aims on a reduction of nitrogen loads the development of livestock may counteract this effort.

On a natural science level several management options and their impact on nutrient loads have been considered (e.g. Wulff et al. 2007). For phosphorus loads improved wastewater treatment and phosphorus-free detergents will have a strong effect. Nitrogen loads can only be reduced substantially by a drastic change in land use. However, natural science, socioeconomic, economic, and political aspects as a whole are not taken into account. In this field more interdisciplinary research is necessary to provide sound advices for management.
6.3 Increasing atmospheric CO2 (B. Schneider)
Waiting for published input from the BONUS Baltic-C Project.
6.3. Climate Change (T. Neumann)
The knowledge of the impact of the climate change on the biogeochemical cycles is still limited. Several factors may influence the biogeochemical cycles in different ways. Hydrographic parameters impact the mixing depth, vertical exchange of nutrients and oxygen, and the inflow dynamics. Higher temperature decreases the solubility of oxygen in sea water and accelerates many biological and biogeochemical processes. Changing runoff and precipitation patterns impact the nutrient loads to the Baltic Sea. Taking into account that the Baltic Sea ecosystem is a complex and nonlinear system, the effect of a changing climate can appropriately quantified only by numerical models. The ongoing BONUS program supports several projects which aim on the quantification of the Baltic Sea ecosystem response to climate change. First results are coming up; however, they are still in a preliminary state.

Atmospheric deposition of nitrogen is assumed to increase in the future due to increased precipitation and growing shipping and agriculture. Recent share of atmospheric deposition on nitrogen loads is about 25%, while the atmospheric load of phosphorus accounts for only a few percent of the total load (HELCOM 2009).

Expected warming in future will increase hypoxia due to several interacting processes. Temperature control stratification, respiration of organisms, and solubility of oxygen. Conley et al 2009b postulated that higher temperatures likely yield expanded hypoxia.

Meier et al. 2011 showed with the aid of a model ensemble that in a future climate hypoxia is expected to expand. Reasons for increasing hypoxic and anoxic areas are (1) enlarged nutrient loads due to increased runoff, (2) reduced oxygen flux from the atmosphere due to higher temperature, and (3) due to intensified biogeochemical cycling.

7. Conclusions  (Will be written at the very end)
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