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Abstract. Benthic fluxes of phosphorus (P) were measured0.2-12 % was calculated for the anoxic part of the EGB,
in situ in the Eastern Gotland Basin (EGB), central Baltic which suggests that anoxic Baltic sediments are very effi-
Sea, using benthic landers. A total of 40 flux measurementgient in recycling deposited P. Based on the measured fluxes
of dissolved inorganic P (DIP) on 13 stations at water depthsand the average areal extent of anoxic bottoms during years
ranging 30-210 m and under different oxygen regimes werel 999-2006, an internal DIP load of 152 ktormymwas calcu-
carried out on three cruises during three consecutive yearkated. This is almost 9 times higher than the average external
(2008-2010) in August—September. Our study is the first tototal phosphorus (TP) supply to the Baltic proper during the
report in situ DIP fluxes in the Baltic proper, and it pro- same period. This comparison clearly highlights the domi-
vides the most comprehensive dataset of benthic fluxes ofiance of internally regenerated P as a DIP source in the Baltic
DIP and dissolved organic P (DOP) in the Baltic proper ex- Sea.

isting to date. DIP fluxes increased with increasing water
depth and with decreasing bottom water oxygen concentra-
tion. Average DIP fluxes were calculated for oxic bottom
water conditions 40.003+ 0.040 mmolnt2d-1), hypoxic
conditions (0027 0.067 mmolnT2d—1) and anoxic condi- . . . :
tions (0376 0.214 mmolnT2d-1). The mean DIP flux at Phosphorus (P) is a major and vital component of the bio-

anoxic bottoms was higher than previous estimates based 0§Phere. The b|ogeoch_em|_c_al cycling of this element has,
ex situ measurements of pore water gradients. The DIP flu herefore, attracted smentlflc.study for alm_ost_a century. It
was positively correlated with the organic carbon inventory 1as been long known that primary product.|0n IS oﬁen rat_e-
of sediment, and the benthic flux of dissolved inorganic car—IIrnItEd by the amount of bioavailable P in aquatic envi-

bon (DIC) at anoxic stations, but these variables were ynfonments, espet_:lall_y in fresh water ng&l(undler 19.77)'
hosphorus limitation also occurs in coastal marine and

correlated at oxic stations. The positive correlation betwee ) L |
DIP and DIC fluxes suggests that the benthic DIP efflux from c€anIC system&Jrareli et ?I’ 1990 Krom etal, 199].‘ wu .
et al, 2000. One example is the Baltic Sea, a brackish semi-

anoxic bottoms in the Baltic Proper is mainly controlled by losed eutronhicated : thern E fitut
rates of deposition and degradation of organic matter. Th&NCl0sed eulrophicated sea area in northern =urope constitut-

flux from anoxic sediment was very P rich in relation to both ing a total area of about 377 000 RifElmgren 2003). Nutri-

C and nitrogen (N). The average C : P ratio in fluxes at anoxicENt limitation in the southernmost and largest water body of

accumulation bottoms was @915, which is well below the the Baltic Se_a,. the Bal_tic proper, generally shifts seasonally;
Redfield C: P ratio of 1061. At oxic stations, however, the after the N-I|m|ted spring *?'Oom has_, settled out, the systlem
C : P flux ratio was much higher than the Redfield ratio, Con_becomes limited by P as diazotrophic cyanobacteria begin to

sistent with well-known P retention mechanisms associateci‘iomInate the phytoplankton communityrareli etal, 1999

with iron and bacteria in oxidised sediment. Using a ben- a_nghstﬁfm etal, 2001 Nﬁgshch et aJ_.ZOO& b ial bl
thic mass balance approach, a burial efficiency estimate of e frequency at which massive cyanobacterial blooms

develop is reported to have increased over the last 50yr in

1 Introduction
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the Baltic Sea Kinni et al, 2001, Poutanen and Nikld the mechanism(s) involved in the preferential regeneration of
200). This is most likely an effect of the sharp increase of P under long-term anoxic conditions remain enigmatic. Re-
the winter water dissolved inorganic phosphorus (DIP) con-cent evidence suggests, however, that microbial phosphatases
centration that occurred between 1965 to 1985 in the Easternould be an important part of the explanatidgtgenbergh
Gotland, Arkona and Bornholm Basinkifini et al, 200%; et al, 2011). Phosphatases, enzymes which cleave off phos-
Nausch et a).2008 Eilola et al, 2009. Cyanobacterial N-  phate groups from organic matter, are used by C-limited bac-
fixation adds new nitrogen to the system in roughly equalteria to increase the bioavailability of the organic matter C
amounts to the total riverine input.drsson et a).2001). moiety (Steenbergh et al2011, and references therein). Un-
Hence, diazotrophic cyanobacteria are not only a sign ofder anoxic conditions, the phosphate liberated by the phos-
but also conducive to, eutrophication of the Baltic Sé@sé  phatases diffuse out into the bottom water to a much larger
etal, 2011). degree than in oxic sediments where a substantial proportion
During periods when the area of anoxic bottom sedimentis trapped in surficial oxidised sediment layeBgenbergh
is expanding in the Baltic proper, deoxygenated bottom sedet al, 2011 through bacterial phosphate assimilation and Fe
iments constitute a net source of P to the bottom water. Inscavenging.
extreme cases, more than 100 kton P can be supplied to the It is clear that the exchange of P across the sediment-
water in a single year when the area of hypoxic/anoxic sedwater interface has a major influence on the magnitude of the
iment increasesConley et al. 2002. External P sources to bioavailable P pool in the Baltic Sea. However, direct mea-
the Baltic proper have declined since the mid 1980s and varsurements of this exchange are scarce, especially in open sea
ied between ca. 12—20kton total P (TP) ¥rfor the years  areas.
1994-2008 IELCOM, 2011). Emeis et al(2000 quanti- One aim of this paper was to quantify the benthic P flux
fied that between 1970-1994 14 ktonjrof excess P was under natural bottom water oxygen conditions. We worked
supplied to the water from deep long-term anoxic sedimentn stations transecting the EGB (central Baltic proper) from
in the Eastern Gotland Basin (EGB) due to the fractionationshallow oxygenated transport bottoms on the western side
towards P in the remineralisation of organic matter. Their cal-via anoxic/sulfidic deep accumulation bottoms to shallow
culation was based on the difference in C/P ratios betweermxygenated sandy bottoms on the eastern side of the EGB.
sedimenting particulate matter and solid sediment accumuWe measured fluxes in situ with autonomous benthic lan-
lated during that time. Thus, a positive feedback mechanisnders. Sediment investigations involved pore water and solid
has been proposed where surface water nutrient enrichmenfhase nutrient analyses. Furthermore, we provide new esti-
result in increased sedimentation of organic matter, bottonmates of the integrated benthic P regeneration flux (the inter-
water oxygen depletion and increased sedimentary P releas®l DIP load) on a basin-wide (Baltic proper) scale, and of
back to the water columrEfneis et al.200Q Vahtera etal.  the P burial efficiency for anoxic sediments. This paper is the
2007). first to report in situ measured benthic P fluxes in the open
Rising P concentrations in the benthic efflux at the onset ofBaltic proper.
bottom water hypoxia/anoxia is often ascribed to the biogeo-
chemical reduction and dissolution of P-rich Fe oxyhydrox-
ide particles (Fe-P) in the sedime@ynnars and Blomqvist 2 Materials and methods
1997 McManus et al.1997). Conversely, the reformation of
a Fe-P pool in the sediment due to oxygenation of the bottonp.1  Study site
water typically results in an increased sedimentary P reten-
tion. These DIP mobilisation/immobilisation processes mayThe largest basin of the Baltic Sea is the Baltic proper, which
also be related to bacterial phosphate assimilation whichconsists of a number of sub-basins, namely, the Western
when the oxygen regime is oscillating, is high during oxic Gotland, Eastern Gotland, Gdansk, Bornholm and Arkona
periods. Polyphosphate stored during oxic conditions is hy-basins. A permanent halocline is present in the Baltic proper
drolysed and released as phosphate during anoxia, when it &t 60—80 m depthStigebrandt2001). The sub-halocline wa-
utilised in the anaerobic energy metabolism, or following theter mass, which is hypoxic-anoxic (hypoxic is here defined
death and degradation of the bacteria themsel@gliter as Q@ < 91.4uM or 2mL L~1), constitutes about 30 % of the
and Meyer1993. total volume and it is only rarely replaced by oxygenated
The nutrient efflux from long-term anoxic sediments gen- saltier water by inflows from the Kattegabtijgebrandt and
erally remains enriched in P compared to carbon (C) and disWulff, 1987. The catchment area of the Baltic Proper is
solved inorganic nitrogen (DIN)Schneider et al2002 Jil- 575000 knd and comprises 12 countrieldELCOM, 2004).
bert et al, 2011, Viktorsson et al.2012. Such preferential This study was carried out in the major basin of the Baltic
regeneration of P cannot be explained by the aforementionegroper, the EGB with a maximum depth of 249 m (the Got-
processes that cause increased benthic DIP release duritagnd Deep). The EGB is surrounded by the island of Got-
seasonal or short term anoxia, as the pool of redox mobildand in the west, Latvia and Lithuania in the east, Estonia
P has long been depleted (aMort et al, 2010. However, in the north-east and Poland in the south. The eastern part
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Fig. 1. Map of the central part of the Eastern Gotland Basin. Visited stations are indicated by a cross (2009 cruise), a triangle (2010 cruise
only) and arx (2008 and 2010 cruises). Positions and water depths are given inITable

of the EGB is strongly influenced by winds, wave action 2.2 Sediment sampling
and bottom stress. The sediments are, therefore, strongly re-
worked making them sandy, and they are often classified a§5ediment cores were collected with a Multiple Corer, MUC
erosion or transportation bottoms (E or T bottoms). Sedi-(Barnett et al. 1984. The MUC was equipped with 55cm
ments of the central and western part of the basin close to th#ng Plexiglas tubes with an inner diameter of 9.9cm. Only
island of Gotland is less reworked due to its more wind andcores with minimal sampling disturbance were used, indi-
wave protected location, making more particles settle everfated by clear overlying water, appearance of a fluffy layer or
on shallower depths and sediments here, therefore, consist ®cterial matsgeggiatoaspp.) at the sediment-water inter-
C|ayey/5i|ty material. Accumulation bottoms (A bottoms) are face and/or undisturbed laminas in anoxic sediments. Cores
more frequent in this area. According@rman and Ceder- were sliced in 0.5, 1 and 2 cm thick intervals down to a sed-
wall (2001), 38 % of the Baltic proper consists of A-bottoms, iment depth of 20 cm with the highest vertical resolution in
38 % of T-bottoms and 24 % are E-bottoms. the upper part of the core. Cores were sliced instantly af-
Three expeditions were conducted; in September 2008ter recovery to minimise contact with atmospheric oxygen
September 2009 and August 2010. In total, data was coland other recovery artifacts. Cores that were used for pore-
lected from 13 stations in the EGB of which five were vis- Water sampling were handled under anoxic conditions using
ited on two different expeditions, and several stations were2 “glove bag” (Aldrich Atmosbag, Sigma Aldrich) filled with
visited more than once on each expedition. A description ofand under continuous flow of nitrogen gas. Different samples
the stations is presented in TalilleThe stations were located Were taken from each core and were saved for later treatment
in an east-west transect across the EGB, including stationgnd analysis; see methods below. Parameters determined in
with both oxic and anoxic bottom water (Fig). Station  the solid phase were organic carbonf total phosphorus
bottom depths ranged from 30 m (station J) to 210 m (sta{TP) and water content (WC).
tion F). Stations D, E, F, Y and Z were located at greater Pore water was extracted by means of centrifugation at
depths & 124 m), and considered to be long-term anoxic. 2500-3000rpm (about 670 G) for 30 min. The pore water
Stations A J, H and U were located sha”ower, above thevas filtered (045 pum nominal pore size cellulose acetate fil-
halocline and they were permanently oxic. Stations B, C, Vters, pre-cleaned in MQ water) and saved for later analysis of
and X were located in a depth range (75-90 m) with shiftingdissolved inorganic phosphorus (DIP), dissolved iron (DFe)
(i.e., changing between oxic and anoxic) bottom water oxy-and dissolved manganese (DMn). The pore water samples
gen conditions. At these stations the bottom water oxygerfor Fe and Mn were acidified with ultrapure 30 % hydrochlo-

concentration ranged from 3 to 36 uM with the exception of ric acid to avoid oxidation artifacts. The pore water samples
station B in 2008 when it was 125 pM (Takl for DIP were not acidified, since that may cause hydrolysis

of soluble non-reactive P compounds (e.g. poly-phosphate;
Koroleff, 1983) in the samples, and hence an artificial gener-
ation of additional DIP.

www.biogeosciences.net/10/3901/2013/ Biogeosciences, 10, 33152013
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Table 1. Description of stations. The water content is the mass percent in the uppermost centimetre of the sediment. The bottom types A,
T and E refers to Accumulation, Transportation and Erosion bottoms, respectil&gifson and Janssd002. Temperature and salinity

were measured in ambient bottom water (BW); averages are shown when more than one deployment was made at the same station. Th
bottom water @ concentration, in UM, was measured approximately 10-20 cm above bottom with an optode inside each chamber just before
start of incubation (except at stations X and Z, where it was measured with a Seabird SBE 911 sensor on the CTD); the values given are meat
values from 2—-12 chambers depending on how many deployments were made at the same station the same year; the number of chambe
used are given in the last column,ND means no sediment coring in 2010 at the station J.

Year, station depth Position Sediment Bottom BW BW BW n
month [m] Lat. N Lon. E water type T S 0
content PC] [uM]
[% WM]
2008 A 60 5723.06 19°05.02 39 E 4.4 7.5 2846 4
SEP B 75 5728.34 19°16.00 82 A 4.6 8.7 12311 3
16th to 26th C 90 5728.04 19°26.07 69 T 5.3 10.0 a1 3
D 129 5719.63 19°19.26 95 A 6.2 12.0 anoxic 4
E 170 5P07.485 19°30.60 93 A 6.3 12.6 anoxic 4
F 210 5717.24  19°48.02 94 A 6.3 12.7 anoxic 4
2009 U 49 5730.0Y 20°56.03 24 E 6.0 7.6 1914 3
SEP 20th to \% 64 5726.50 20°43.62 55 T 4.7 9.4 364 2
OCT 1st X 90 57 20.73 20° 35.38 94 A 6.4 11.0 0-3 0
Y 124 5718.87 20°33.07 90 A 6.6 11.3 anoxic 4
4 170 5P 20.86 20°28.34 95 A 6.7 12.1 anoxic 0
2010 J 30 5728.83  18°59.57 ND ND 4.5 7.4 2744 2
AUG 16th to H 44 5731.11 19°05.23 30 E 2.9:0.1 7.8:0.1 24817 12
SEP 2nd A 59 5723.11 19°04.92 58 T 4.200.1 8409 16460 7
B 75 5728.36 19°16.28 88 A 55 9.9:0.1 2£2 4
D 128 5719.68 19°19.29 91 A 6.8 12.0 anoxic 4
E 170 5707.43 19°30.60 94 A 6.5 12.3 anoxic 4
F 210 5717.23  19°48.02 94 A 6.4 12.45 anoxic 4
2.3 In situ chamber incubations with the Goteborg water interface. The tenth syringe was used to inject a small
benthic landers and known volume of MQ water (about 60 mL, correspond-

ing to less than 0.5 % of total chamber volume). Based on the

. . . esulting salinity change, measured by a conductivity sensor,
TV.\.IO landers were used _dqrmg this StUdY’ the b'g_ and Smal(he chamber volume could then be calculated, as described
Goteborg landers. The bigdkeborg benthic lander is a fully by Nilsson(2008. To make sure ambient bottom water was
autonomous instrument that can operate on the seafloor dow

t0 6000 m depth without any contact with the ship or the sur incubated above sediment in the chambers, and to avoid oxy-
) issolved in the pol f which the ch
face Gfhl et al, 2004 Almroth et al, 2009. The big lan- gendissolved in the polycarbonate of which the chambers are

der i . d with f . bati hamb dules. Th made to contaminate anoxic incubations, the chambers were
er 1S equipped with four incubation chamber modules. ehanging above the sea-floor for several hours with the lids

zmaIIThGoteborl? llan:j:ler IS a flkr)npgﬂetlj ve:jsw_r:hof the b'% lan- open and stirring on before they were inserted into sediment,
er. The small fander must be deployed with & rope 101 r€-;,¢ ¢|nseq and incubations started.

covery, using a surface buoy, or by dredging. The small lan- The duration of the incubations were typically 15-36 h de-

der has two incubation chamber modules, identical to thos%ending on flux rates. Oxygen concentrations were measured

installed on the big lander. For incubation, each chamber enc " " -hamber with 1-min intervals using oxygen optodes,

closes a 400 charea of the sediment surface together with model 3830 (the big lander) or 3835 (the small lander) from

overlying bottom water. The incubated water is stirred byAanderaa Data Instruments. Norw. berq et al200
a horizontal paddle wheel placed centrally inside the cham- ' deqgberg et al o

. . . Measurements of conductivity for chamber volume control
ber to prevent the development of concentration gradients Mnd leakage detection were made with conductivity sensors
the chamberTengberg et al.2004). Each chamber carries

: 2o . X . model 3919A (Aanderaa Data Instruments, Norway). Con-
ten syringes for injection or water sampling. Nine Syrlngesductivity was measured in each chamber at 1-min interval.

were used_ for sampling chamber water ai pre-set t|me§ makl'mmediately after the landers were recovered, water samples
ing it possible to measure solute fluxes across the sediment-
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were taken from each of the nine syringes in each chamget phosphate-P, which was detected with SFA (modified af-
ber. The water was filtered through pre-cleaned 0.45 um poréer Koroleff, 1983. The precision was:5 %.
size cellulose acetate filters and stored dark and cold for later

analysis. 2.4.4 Calculation of benthic P fluxes

2.4 Analytical methods Aleast square linear regression of the P concentration against
time for each P fraction (DIP and DOP) in each chamber

2.4.1 DIP, TDP, DFe and DMn was made from the nine syringe samples. The slope, from

the linear regression, times the chamber height (water col-

TDP samples were digested with acid-persulphate at higimn height; obtained from determination of chamber vol-
temperature (modified aftevalderrama 1981). The dis- UMe) gives the net increase or decrease in the chamber P
solved organic P (DOP) concentration was operationally de£ontent, per time and area. These are the benthic DIP and
fined as the concentration difference between TDP and DIFPOP fluxes which are reported in mmqh"ﬁd—_l in this pa-
samples. All P samples were stored dark and cool and afPer- Fluxes were approved to be significant if fhealue of
ter each expedition sent for analysis according to a stanth€ linear regression was0.05. However, since very low or
dard method using Segmented Flow Analysis (SFA), mod-2€ro fluxes are difficult to measure, a second condition was
ified afterKoroleff (1983. The analytical precision for DIP Needed to avoid biasing towards high fluxes. If the flux was
was+0.5ugP L1 for low concentrations (0.5-20 ugPE) not significant according to the first conditiop £ 0.05), the
and £3 % for concentrations over 20 ugPL The analyt-  @bsolute concentration change, determined from the linear
ical precision for TDP wast1pgP L for low concentra- ~ fegression, was compared to the analytical precision (given
tions (0.5-25ugPtl) and +6% for concentrations over [N analytical methods section above). If the absolute concen-
25ugP L. The analytical precision for DOP was defined as tration change was less than the analytical precision, the flux
the root of the squared sums of the DIP and TDP precisionsWas Set to zero; otherwise it was .considered non-significant
Dissolved iron (DFe) and manganese (DMn) in pore water@nd rejected from the data analysis.
were determined photometrically using ferrozine and formal-
doxyme procedures, respectivelipgshkova and Ovsyan-
nikova, 1937 Grasshoff et a).1999 Kononets et a).2002
Pakhomova 2005. The limit of detection was 0.07 and
0.03 uM for Mn and Fe, respectively, using a 5-cm cell.

3 Results
3.1 Sediment total phosphorus

) ) _ Total phosphorus was analysed in sediment samples from

2.4.2 Sediment physical properties stations A-08, B-08, C-08, E-08 and F-08 (see Tabler
. . ) description of stations) visited in year 2008. The TP inven-

The sediment WC (mass percent in the top centimetre) Wagory in the upper 0—2 cm of the sediment generally increased
used to determine the bottom type (A, T or E type) atyyith water depth (Fig2), as did Corg and total nitrogen (TN)
each station. According télakanson and Janssq8002  jnventories Nilsson et al, 2013. The TP inventory in the
sediment with WC< 50 % represent erosion bottoms while pner two centimetres of sediment was higher at the deep
WC>75% define accumulation bottoms. Transportation gnoxic accumulation bottom than at the shallower bottoms
bottoms are the intermediates. The sediment WC was obgyhich most often were transportation or erosion bottoms).

tained from the weight loss after drying at 8 until con-  gejow a depth of ca. 5cm, the sediment TP concentration

stant weight, usually about 2-3 days. was similar at all stations. At the deep anoxic stations (E-08
) ) ) and F-08), TP concentrations decreased with sediment depth
2.4.3 Sediment geochemical properties down to 5 cm, but remained unchanged in the 5-19 cm sedi-

o _ ) i ment depth interval. At the shallow stations A-08, B-08 and
Determination of organic carbon (Corg) in sediment wasc.qg, the TP concentration decreased sharply in the first few
carried out by gas chromatography. The sediment was firsgm to reach a minimum at 1.5-2 cm sediment depth. Below
freeze-dried until constant mass, ground and treated Withpjs zone, the TP content again increased to a stable value

fumes of HCI (37 % for at least 48 h) to remove inorganic of ca. 30 umol g (Fig. 2). This value probably reflects the P
carbon. A small fraction of known weight (10-20mg) was content of the postglacial clay (see below).

then analysed in a Carlo ERBA N1500g gas chromatograph.
The instrument and method are described in detail/bry 3.2 Pore water DIP, DFe and DMn
ardo et al(1990. The precision for Corg was1 %.

From the same freeze-dried and carefully ground sedi-Dissolved inorganic phosphorus (DIP) in the pore water was
ment sample, a small portion was used for TP determinaimeasured at stations with water depths ranging from 59 m to
tion. Sediment samples were then pre-burned at&0@nd 210 m (Fig. 3). Pore water DIP concentrations from the deep-
further oxidised with acidic potassium peroxymonosulfate toest stations (124-210 m) generally increased with sediment

www.biogeosciences.net/10/3901/2013/ Biogeosciences, 10, 33152013
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Fig. 3. Pore water DIP profiles at statiors90 m (top three pan-

. . _els) and stations- 90 m (bottom three panels) 2008-2010. Profiles
surface DIP concentrations were typically lower at the shal from stations at similar bottom depths are shown together. Note the

lower stations (59—90 m) than at the deep stations (B)ig. different scales on the x-axes.

Stations C-08 and X-09, located at ca 90 m water depth,

on the western and eastern side of the basin, respectively,

were very different due to differences in sediment propertiesg 3 genthic P fluxes

The DIP profile from the eastern station X-09, with organic

rich clayey sediment, much resembled the profiles from therpe pronortion of statistically significant DIP fluxes from the

deeper stations, whereas the DIP profile from station C-08;y, gjt, incubations was larger at anoxic bottoms compared

with sandy sediment that also had gravel and larger stones iy 4t oxic bottoms. This was mainly due to the compara-

it, was similar to the shallower stations. bly very low flux rates at oxic bottoms, resulting in small
In 2008, also dissolved Fe and Mn (DFe and DMn) con- g|ative changes of the initial P concentrations inside the

centrations in pore water were measured (RjgAtthe shal-  champers during the flux incubations (in spite of longer in-

low stations (A-08 and B-08), DMn and/or DFe concentra- o pation times at oxic bottoms), which are difficult to cap-

tions appeared to co-vary with the DIP concentrations. Aty e analytically. For this reason, when evaluating fluxes, we

the shallow oxic stations, very low concentrations of DFe seq protocols avoiding biasing towards high DIP fluxes (see

and DMn were found in the oxidised surface layer below gect 2 4.4). Less data is also available from oxic bottoms

which the concentrations increased to a maximum at aboupecayse they are more difficult to incubate for two technical

2 cm sediment depth at stations A-08 and B-08. At station Cyea50ns; (i) the coarser sediment (often with shells in it) in-

08, the profiles were different, with only minor variations of ¢reases the risk of water leakage into the chamber from the
DFe and DMn, and lower concentrations. At the deep anoxicsrrounding bottom water, and (ii) the stiffness of the sedi-
stations DFe concentrations were low and decreased doWpent can hinder the chambers to penetrate sufficiently deep
the core. DMn concentrations, on the other hand, were agyg the sediment. Examples of DIP data from chamber in-
high at the anoxic stations as at the oxic stations, but at the,pations at oxic shallow transportation/erosion bottoms and
deep anoxic stations DMn either did not change much in the;ngyic deep accumulation bottoms are presented in Bigs.
profile (D-08 and E-08, 130 and 170 m) or steadily increased, g, respectively. DIP fluxes in general increased with bot-
down the sediment core (F-08, 210 m). tom depth and decreased with increasing bottom water oxy-
gen concentration (Fig.). Station C-08, where there was an

depth from near surface values of ca. 5 unotLThe near-
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may be due to higher TP content in the post-glacial clay than
in the more recently deposited sediment above the clay. How-
ever, it is clear in the upper 2—3 cm of these profiles that the
pore water concentration peaks of DIP, DFe and DMn often
coincided (Fig.4). This suggests that Fe and/or Mn reduc-

uptake of DIP despite low bottom water oxygen, is an excep-tion supplied DIP from the sediment solid phase to the pore
tion to this general pattern. DOP fluxes were measured durwater in these sediments. Conversely, the TP enrichment and
ing the 2010 expedition at station H (44 m) and D (128 m). low concentrations of DFe and DMn near the sediment-water
Significant DOP fluxes were only obtained on the former sta-interface at the oxic stations was likely due to scavenging of
tion and they were always directed out of the sediment. TheDIP by bacteria and/or metal oxides in the oxidised sediment
complete set of DIP and DOP flux data is given in the Sup-layer (c.f. Sundby et al. 1992 Gachter and Meyerl993.

plement.

4 Discussion

4.1 Relations between pore water distributions of DIP,

DFe, DMn and sediment TP

The TP distributions in sediment at the deeper anoxic sta-
tions (D-08, E-08 and F-08) were unrelated to the changes
in dissolved metal concentrations. This was expected, as the
behaviour of Fe, Mn and P should be uncoupled in surficial
sediment under permanently anoxic conditions.

Fe-P particles formed by co-precipitation upon oxidation
of Fe(ll) have a molar ratio of FeP>2 (Gunnars and
Blomqvist, 1997 Gunnars et al.2002. Therefore, the pore

The decrease of the sedimentary TP concentrations at theater Fe DIP ratio during bottom water anoxia may be used
oxic stations (A-08, B-08 and partly C-08) from the sur- as an indicator for the capacity of newly formed Fe oxyhy-
face to 6¢cm depth was likely due to Fe(lll)-P adsorp- droxides to scavenge DIP upon (re)oxygenation. The aver-
tion/coprecipitation in the surficial sediment, which is lost age molar FeDIP ratio in the upper 3cm of the sediment
with increasing sediment depth and more reducing condi-at the deep anoxic stations D, E, F (2008) varied between
tions. The increasing TP concentrations below 6 cm deptt).09 and 0.22. Thus, ca. 5-10 % of the pore water DIP could
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D-10 Biglander 1 F-10 Biglander 1, 1st incubation sistent with studies in open sea and coastal areas of the Gulf
9 9 of Finland Pitkanen et a].2001; Lehtoranta and Heiskangn
8 2003 Viktorsson et al.2012), and with the relation between

hypoxic/anoxic area and the Baltic P pool size, reported by
Conley et al.(2002. However, the increase of benthic DIP

6 flux with increasing water depth was not continuous, but
rather increased stepwise from oxic to anoxic bottoms as DIP
[ fluxes from group 1 and 2 sediments were rather similar, but

o o 20 4 o 20 substantially lower than the DIP fluxes from group 3 sedi-

time (hours) time (hours) ments (Fig.7). The finding of relatively higher DIP fluxes

F-10 Biglander 1, 2nd incubation E-10 Biglander 1 from permanently anoxic sediments is in contrasfitbert

o o et al.(2011) who estimated benthic DIP fluxes from pore wa-

8 8 ter profiles and reported highest DIP effluxes from oxic- sea-
- = sonally hypoxic sediments above or close to the permanent
=7 =7 . . .
= s halocline (i.e., comparable to group 1 and 2 in the present
6 Ze study) in the Baltic proper and Gulf of Finlanilort et al.

5 s =, (2010 similarly inferred a notably higher DIP efflux from

. ! - the pore water DIP profile in sediment from a hypoxic sta-

4 10 20 % 10 20 tion (BY2) in the Arkona Basin (44 m water depth) than from

time (hours) time (hours) the permanently anoxic BY 31 and BY 29 sites in the north-

ern Baltic proper. Such high DIP effluxes from relatively
shallow seasonally hypoxic sediments are likely an effect of
chambers from the anoxic stations (D, E, F) on the 2010 cruise. Th% . y nyp . . y

. - . ~~ "the remobilisation of temporary P sinks which are formed,
different shades of grey indicate different chambers. A full thin line donl bl d ) diti . 194
means that the slope of the linear regression was used to calculaf%r_]_ only stable, under oxic conditions (eMQrtlmer., : 2
the flux. Gachter and Meyer1993. Thus, a seasonal transition from

oxic to hypoxic bottom water conditions is likely to result

in a non-steady-state and sharp increase in the benthic efflux
be scavenged by Fe(lll) upon oxygenation of the bottom wa-0f DIP from the sedimentJundby et al.1986 Belias et al,
ter at these sites. However, this is probably an underestimatd007 Schneider201J). In the present study, too few mea-
of the immobilisation of DIP which would occur upon oxy- Surements during seasonal bottom water hypoxia/anoxia may
genation, since there are also other mechanisms responsibfi@ve been conducted to capture this effect. On the other hand,
for retention of P in oxidised sediment such as bacterial accusome of the DIP flux estimations from shallow sediments in
mulation of poly-phosphate3achter and Meyerl993 San-  Jilbert et al.(2011) are questionable as the highest effluxes
nigrahi and Ingall2005. Also, on longer timescales, the de- of DIP (0.6-0.8 mmol DIP m2d~1) were reported from the
position of ferric iron to the sediments would increase uponsediments overlain by oxic bottom water at the time of sam-
a positive redox turnover of the sub-halocline water mass a$ling. This counter intuitive result may be due to the inher-

Fig. 6. Examples of evolution of the DIP concentration with time in

the rate of pelagic iron reduction would decrease. ent difficulty to extract pore water from oxic sediments with
sufficiently high vertical resolution to be able to infer diffu-
4.2 Benthic P fluxes in the Baltic Proper sive benthic DIP fluxes from the dat&yndby et al.1986

1992. With a too coarse vertical resolution of the pore water
To categorise the measured DIP fluxes with regard to oxy-DIP gradient in oxygenated sediment, the surface zone where
gen condition and water depth, they were divided into threeDIP is scavenged may have been obscured, and the calcu-
groups (modified afteort et al, 201Q Jilbert et al, 2011); lated diffusive DIP flux may have been trapped in the surface
group 1 include fluxes from permanently oxic bottoms in the oxygenated scavenging zone of the sediment. Thus, the 0.5—
depth range of 30-70m; group 2 include fluxes from bot-1 cm resolution used byilbert et al(2011) may have been
toms where oxygen conditions can oscillate between oxictoo coarse and may, therefore, have resulted in overestima-
hypoxic and anoxic conditions in the depth range 75-90 m;tions of the benthic DIP efflux at oxic stations, which could
and group 3 include fluxes from permanently anoxic bottomsexplain the discrepancy with the results in the present study.
(i.e., anoxic since the latest Baltic Sea water exchange) ifThis is an example of the advantage with determining fluxes
the depth range 124-210 m. Mean DIP fluxes for the thredrom in situ incubations rather than from pore water gradients
groups are presented in Talde (Tengberg et a). 1995 Viollier et al., 2003.

The DIP flux in the EGB generally increased with decreas- Our DIP fluxes from permanently anoxic (group 3) sedi-
ing bottom water oxygen concentration or with increasingly ments averaged 876 mmol DIP nt2d~2. This value is close
reducing conditions (Figs/ and 8), which means that the tothe average DIP flux measured in situ with German benthic
DIP flux increased with increasing water depth. This is con-landers in the anoxic part of the EGB (S. Sommer, personal
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Fig. 7. Benthic DIP effluxes and up-take rates presented as station averages from each year. Error bars indicate 95 % confidence interval, an
its magnitude was mostly related to sediment spatial variability. The fluxes are sorted after bottom depth, with the shallowest station to the
left and increasing bottom depth to the right. The labels on the x-axis are from top to bottom; bottom water oxygen concentration in pM,
measured at the start of the incubation inside the chambers; bottom depth in m; year of sampling; and station name.

Table 2. Mean values of the DIP flux (mmolﬁ‘?- d—1) for the different depth ranges and bottom with oxic, hypoxic and anoxic bottom water
(BW) conditions. Standard deviatioa), confidence interval (Cl) and number of incubatiomgdre given in the last three columns.

Group, (Stations) Depth Bottom BWyO DIP flux o Cl n
range type average
1 (A-08, U-09, J-10, H-10, A-10) 30-60m TE 118-278 —0.003 0.040 0.025 10
2 (C-08, B-10) 75-90m AT 0-10 0.027 0.068 0.067 4
3 (D, E, F (-08,-10), Y-09) 124-210m A 0 0.376 0.214 0.082 26
communication, 2012), but in the upper rangéo(t et al, with fauna) mixed down into the sediment. Still, our fluxes
201Q Jilbert et al, 2011 or considerably higheHille et al., from anoxic bottoms may represent the peak ones during the

2005 than previous DIP flux modelling based on ex situ seasonal cycle.

pore water gradients in comparable sediments in the Baltic Fluxes derived ex situ from pore water DIP profiles in
Sea. This may partly be explained by seasonal differencesediments underlying anoxic bottom water have been found
as sampling bylilbert et al.(2011) and Hille et al. (2009 to be lower than those based on incubations, and especially
was conducted in May-June when the vertical particulatethan those based on in situ incubations (see discussions in
organic C (POC) flux is generally lower than in August- Tengberg et al.1995 Viktorsson et al.2012. One reason
Septemberl(eipe et al, 2008, when our measurements were for this is the difficulty to obtain sufficiently high vertical
performed. However, there is an important dampening of theresolution of the pore water gradient, especially in organic-
variability of process rates when the process passes througtich anoxic Baltic sediments, to be able to calculate a cor-
the sediment. Hence, the seasonal variability of the verticatect diffusive flux. Contrary to sediments underlying oxy-
POC flux to the sea-floor is much larger than the variabil-genated bottom water, a coarse vertical resolution of the
ity of the benthic DIP flux, partly because diffusion is slow; pore water gradient in sediments underlying anoxic bottom
there is a time lag for bacteria to react to input of new organicwater leads to an underestimation of the steepness of the
matter; and the input flux is often (especially on oxic bottomsgradient near the sediment-water interface and, hence, an
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, fluxes at such bottoms can be reliably measured by in situ as
Oxic E well as by ex situ incubationd/ktorsson et al.2012).
. DOP fluxes were measured at station H (44m) and

Oxic T_ D (128 m) during the measurement campaign in 2010.
O Hypoxic T There were no significant DOP fluxes at the latter station,
Anoxic A but at the shallower oxic site an average DOP efflux of
] 0.02 mmolnT2d~1 was found. DOP mobilisation at station
H may have been related to bioturbation by macrofauna
(Ekeroth et al.2012 presumably present in this sediment.
At the same station and campaign, the simultaneous DIP flux
was 0 mmoln2d=1. DOP fluxes from oxic bottoms in the
Baltic proper may, thus, be of similar magnitude or larger
than DIP fluxes. However, we measured too few benthic DOP
fluxes to be able to make a meaningful assessment of their
05 importance in the Baltic proper based on the present dataset.

o
% o]
X

o
o)

o

DIP Flux [mmol m™2 d ™}
o
N

-0.2 . . 4.3 Dependence of benthic P recycling on deposition
"0 100 200 300 and degradation of organic matter

; -1
Oxygen concentration [umol L -] The benthic DIP flux of this study was found to progressively

increase along a gradient of increasing water depth and de-
Fig. 8. DIP flux versus bottom water oxygen concentration; the lat- Creasing bottom water oxygen concentrations (FHgsdg).
ter was measured just before the start of the incubation inside th&Ve also found that there was a positive correlation between
chambers. Fluxes are presented as mean values for each lander die DIP flux and the organic carbon inventory of sediment
ployment. at anoxic bottoms (Fig9). Since bottom water oxygen con-

centration decreased and sediment organic carbon inventory

increasedNilsson et al.2013 with increasing water depth,
underestimation of the benthic DIP flux. This may be anotherwe cannot from these correlations determine what caused the
reason our fluxes are in the upper ranlyo(t et al, 201Q DIP flux to increase with increasing water depth. The benthic
Jilbert et al, 2011) or considerably higheH(ille et al., 2005 flux of dissolved inorganic carbon (DIC) was, therefore, cor-
than previous DIP flux estimates from anoxic Baltic proper related with the DIP flux. (The measurements of DIC fluxes
bottoms. Since the spatial variability of bottom sediments inwill be fully presented irNilsson et al.2013. The DIC flux
the Baltic Sea is known to be large, and the stations visitedin sediments where CaGQlissolution is negligible like in
by Jilbert et al.(2017) and Mort et al. (2010 were located the Baltic) is a measure of organic carbon oxidation in sed-
over different areas of the Baltic than the present study, anment (Anderson et aJ.1986), which is proportional to or-
additional reason for the difference in anoxic DIP flux ratesganic matter input to sedimenHénrichs 1992. Relating
between those studies and the present one may be the diffeBIP fluxes with DIC fluxes will, thus, help understand what
ence in geographical location of stations in the three studiescontrols the benthic DIP flux in aquatic systems, but has
The DIP fluxes reported bifille et al. (2005 are exception- nevertheless only been made in a few previous studiies (
ally low compared to all other flux data, that we are awaregall and Jahnkel997 McManus et al. 1997 Ingall et al,
of, from comparable Baltic sediments. We have at present n@005 Kiirikki et al., 2006 Viktorsson et al.2012. We found
good explanation for this. that the DIP and the DIC fluxes correlated well (by least

Benthic DIP fluxes have previously been measured dursquare regression analysis) at anoxic stati®?s= 0.65 and

ing laboratory incubations of sediment cores from sites with p value=0.016), but that they correlated poorly at oxic sta-
oxic bottom water in the open Baltic Propdfdop et al, tions (R2=0.05 andp value=0.6; Fig.10). Our results,
1990. These authors reported fluxes in the rarg®02 to  thus, suggest that the DIP flux from anoxic Baltic sediments
0.03mmolnT2d~1. Laima et al.(2001) reported an aver- was controlled by the deposition and degradation rate of or-
age DIP flux of—0.0104 0.004 mmolnt2d-1 from an oxic  ganic matter in the sediment. A similar conclusion was made
site in the open Arkona Basin. These fluxes are similar tofor anoxic bottoms in the Gulf of Finland/{ktorsson et al.
fluxes measured in situ at oxic sites in the Gulf of Finland 2012. For oxic sediments, our results confirm the classi-
(—0.01+0.08 mmolnT2d~1, Viktorsson et al.2012, andto  cal paradigm of adsorption onto/coprecipitation with Fe(lll)
the flux range obtained at shallow oxic stations in this study(Mortimer, 1942, but also bacterial accumulation of poly-
(Table 2). The similarity between fluxes at Baltic oxic bot- phosphate Gachter et al. 1989 may have contributed to
toms reported b¥Koop et al.(1990 andLaima et al.(200]) the removal of DIP from the pore water making the DIP
and this study is consistent with previous findings that DIP flux small or even directed into the sediment at oxic stations
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Fig. 9. DIP flux versus organic carbon inventory in the top 3 cm of Fig. 10. DIP flux versus DIC flux. Fluxes are presented as mean
the sediment. Fluxes are presented as mean values for each landelues for each lander deployment.
deployment.

(Fig. 8). This means that the benthic DIP flux was propor- fresh organic matter, in effluxes from permanently (or long-
tional to the diagenetic production of DIP in the pore water, term) anoxic sediments. Previously published C: P ratios in-
as a result of remineralisation of organic P, in anoxic bot-clude 30 (ngall and Jahnkel997), 39 (ngall et al, 2005,
toms. This is in contrast to oxic bottoms, where the above-and 29 Yiktorsson et al.2012. The low C: P ratios in fluxes
mentioned retention mechanisms restricted the DIP effluxcannot be explained by disintegration of the abovementioned
Our results cannot be used, and our aim was not, to eluciP sinks, as they should have long been depleted in long-term
date if both or one of these “secondary” processes enhanceahoxic bottoms. One mechanistic explanation is that bacteria
DIP retention in these shallow oxic Baltic proper sediments.use enzymes (phosphatases) to cleave off phosphate groups
The difference in DIP flux between oxic and anoxic bottoms from organic matter to increase the bioavailability of the or-
cannot be explained simply by the generally lower rate ofganic matter C moietySteenbergh et al2011). The phe-
organic carbon oxidation (and organic P remineralisation) innomenon of P rich fluxes has been called enhanced (in re-
the shallow oxic sediments, as the DIP flux was low evenlation to carbon) P regeneration, and was first discussed for
at moderately high organic carbon oxidation rates (EQ). anoxic systemdiigall and Jahnkel997 Ingall et al, 2005.
Thus, as long as there was enough oxygen in the bottom waRecently, it has been suggested that the enhanced P regener-
ter, the DIP which was liberated to the pore water duringation also occurs in sediment overlain by oxic watgtegen-
remineralisation of organic P was not released to the bottonbergh et al.20117).
water in proportion to the organic P remineralisation rate. There was no correlation between the DIP and DIC flux at
The simultaneous measurements of benthic DIP and DIGhe oxic stations and it was not possible to give a value of the
fluxes in the same chambers allowed us to investigate C: Rwerage C : P flux ratio since half of the DIP fluxes measured
ratios in the fluxes. The average C: P ratio in fluxes at anoxiovere negative (uptake of DIP and, thus, a C: P ratiao).
accumulation bottoms was @915 (meant 10), which is ~ However, the C:P ratio using only the positive DIP fluxes
well below the Redfield C: P ratio of 108 (Fig.10). The  was 361t 90 (meant 10). This is much higher than the ra-
average N:P ratio in fluxes @+ 2, meant10) at anoxic  tios at the anoxic stations and also than the Redfield ratio
bottoms Hall et al, 2013 was also well below the Redfield (Fig. 10). The obvious explanation for this is Fe(lll) scav-
N : P ratio of 16: 1. This shows that the anoxic flux in the enging and bacterial assimilation as explained above. It is
EGB was P rich in relation to both C and N. These resultsbeyond the scope of this study to determine if the flux was P
confirm previous observationinfall and Jahnkel997 In- rich at the anoxic bottoms due to anoxia per se or if the en-
gall et al, 2005 Kiirikki et al., 2006 Jilbert et al, 201%; hanced P regeneration occurred also in oxic sediments, but
Viktorsson et al.2012 of low C: P ratios, well below that of  did not show up in the flux due to the high capacity of oxic
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sediments to retain DIP produced in the pore water duringsediments are very efficient in recycling P, and it is consistent

organic matter degradatioSteenbergh et al2011). with previous findings of enhanced P recycling in anoxic ma-
rine sediments as discussed above. Our burial efficiency esti-
4.4 Burial rates and burial efficiency mate in the EGB is well below that of 33 % estimated for the

EGB byHille et al. (2009. These authors measured P burial
Long-term removal of P from biogeochemical cycling in rates, but likely overestimated the burial efficiency since they
the sea takes place through burial in sediment. Burial ratesnay have underestimated the DIP flux as explained above.
can be calculated from sediment accumulation rates (SARJT his leads to a too low estimate of the input of P to sediment
and TP concentration at a depth in the sediment belowand, thus, to a too high burial efficiency.
which it does not change noticeably. Sediment accumula-
tion rates in the EGB are highly spatially variable, rang- 4.5 Internal DIP load in the Baltic Sea
ing from 10.5 to 527 gm2yr—! with the highest rates in
the northeastern part of the EGHBlile et al, 2006. This The size of the water column DIP pool is currently mostly
high variability in sediment accumulation rate is reflected controlled by the reflux of DIP from the bottom sediments
in the TP burial rates, because the TP content at deptifi.e., the internal load) although the only sources of new P
in sediment was less variable than the sediment accumus by external input from land and atmospheric deposition
lation rate. Using the mean sediment accumulation rate ofConley et al.2002. It is possible to make an integrated es-
129 gnr2yr—1 found by Hille et al, 2006 and a sediment timate of the magnitude of the internal DIP load to the Baltic
TP concentration of 30 umotd, which was the measured Proper based on our direct flux measurements. Using the av-
concentration at depth in the sediment cores from this studyerage benthic DIP fluxes at anoxic bottoms, presented in Ta-
we calculated a TP burial rate of 0.011 mmolfd—1. This ble 2, for group 3 sediments, an areal extrapolation of the
is similar to the TP burial rate calculated ort et al. internal DIP load to the water column of the anoxic Baltic
(2010 for a site (the so called Northern Gotland site) in proper was made for two time periods with different expan-
the Northern Baltic Proper (0.018 mmothd—1), and the  sion of anoxia. The two periods used were 1960-1998 and
mean TP burial rate given Wyille et al. (2009 for the EGB ~ 1999-2006, and the areas were calculated from the same data
(0.018 mmolnr?d~1). Hille et al. (2009 refer to this as the used byHansson et a(2011), but excluding the Gulf of Fin-
net TP deposition rate. Due to the highly variable sedimeniand and the Gulf of Riga (M. Hansson, personal communi-
accumulation rate in the EGB, our TP burial rate calculationcation, 2013). The resulting total internal load for the period
is very uncertain. Using the minimum and maximum sedi- 1999-2006 was 152 ktonyt (Table3). The internal P load
ment accumulation rates given Ibiille et al. (2006 yield from anoxic bottoms was estimated batthiesen(1998 to
TP burial rates in the range of 0.0086—0.043 mmofuair 1. range from 6 to 20 kton yr* using diffusive fluxes calculated
Another source of uncertainty is the underlying assump-from pore water gradients at the BY 31 station (EGB) and a
tion in our approach that the decreasing TP concentratiomaturally laminated, muddy sediment area in the Baltic sea
with depth in the sediment is solely a result of P reminer- of 20 000 kn1?2 (after Jonsson et g11990. Our 8-25 times
alisation, but not a result of a temporally increasing sedi-higher estimate is partly due to the contemporary larger area
mentation rate during recent decades. Thus, we can wideof anoxic sediments in the Baltic proper. Also, at the time
the TP burial range by assuming that the TP concentraof sampling, the sediment used for the former estimate was
tion at 2cm sediment depth for stations E and F repre-hypoxic, rather than fully anoxidMatthiesen1998, which
sents the more contemporary burial TP concentration. Thisiccording to our results may explain that the DIP efflux was
would give a maximum burial rate of 0.051 mmot&d—1. considerably below the range presented for anoxic sediments
For the anoxic bottoms>(124 m) of our study the total in- in the present study. The direct measurements of benthic DIP
put (or gross sediment deposition rate) of P to the sedimentluxes under ambient natural conditions provide a basis for
was calculated as the sum of our average measured DIP ebetter extrapolation of the integrated internal DIP load to
flux (0.37640.214 mmoln2d—1) and the TP burial rate. the Baltic proper than previous attempts. It should be noted,
Through this mass balance approach, and using the full rangkowever, that our measurements were carried out during a
of TP burial rates (i.e., 0.0086-0.051 mmotfu—1), a to-  season (August-September) when the vertical POC flux in
tal input of P to the sediment in the anoxic part of the EGB the water column is relatively higthLéipe et al, 2008. As
of 0.38-0.43 mmolm?d—1 was calculated. The burial effi- the DIP efflux from anoxic sediments was largely driven by
ciency, i.e., the fraction of the P input to sediment which the input of organic matter to the sediment (see above and
underwent long-term burial, thus, lie within 0.2-12 %. Us- Conclusions), our annual internal load calculation may be
ing the mean TP burial rate given Itille et al. (2005 for slightly overestimated.
the deep part of the EGB (0.018 mmotAd—1), a TP con- The internal DIP load was also calculated for the period
centration of 30 umolgt, and our average DIP efflux from 1960-1998 using the mean value for the anoxic area given
anoxic bottoms, we calculated an average burial efficiencyin Table3 calculated from the data iHansson et al2011)
of 4%. This low burial efficiency suggests that anoxic Baltic for that time period (M. Hansson, personal communication,
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Table 3. Calculated internal DIP load to the Baltic Proper, based on in situ measured benthic DIP fluxes (this study) and the areal extent of
anoxia based on the data frd#ansson et al2011) for the two time periods 1999-2006 and 1960-1998 and recalculated for only the Baltic
proper.

Time period  Redox Area (k®)  Flux (mmolni2d-1) Load (ktonyr1)

condition mean o mean o
1960-1998 anoxic 14 695 (7%) .376 0.214 62 35
1999-2006 anoxic 35688 (17%) .376 0.214 152 86

2013). An assumption in this calculation is that the inven-et al, 1986 and difficulties in maintaining in situ condi-
tory of organic matter in the sediment was not significantly tions when working ex situlengberg et al 1995 Viktorsson
different in 1960-1998 compared to the later time periodet al, 2012 Viollier et al., 2003. In contrast to the more or
for which we calculated internal load. The internal load wasless strong mismatch with ex situ measurements for anoxic
89 ktonyr-! lower during the earlier period (Tab8, when conditions, our DIP fluxes agree with previous estimates of
the average anoxic area covered 7 % of the total bottom areRIP fluxes at oxic bottoms in the Baltic based on incuba-
in the Baltic proper, compared to 17 % of the total Baltic tions (Koop et al, 1990Q Viktorsson et al.2012 Laima et al,
proper area during the later period. 2001). We suggest that previous ex situ estimates of anoxic

Our estimate of the annual internal DIP load for the periodbenthic DIP fluxes in the open Baltic proper often may be
1999-2006 is 9 times higher than the average external load afinderestimates, probably mostly due to insufficient vertical
17 kton TPyr! (Savchuk et a).2012 for the same period. resolution of pore water gradients.
For the earlier period (1960-1998), the internal DIP load was The DIP flux was positively correlated with the organic
2.6 times higher than the average external input of TP duringcarbon inventory of sediment. The DIP flux also correlated
that time Savchuk et a)2012. External sources supply new well with the DIC flux at anoxic stations, but these fluxes
P to the system while the internal load is a regeneration procorrelated poorly at oxic stations. The positive correlation
cess of P already present. Hence, the internal and externdetween DIP and DIC fluxes suggests that the benthic DIP
loads are not directly equivalent. However, the above com4lux at anoxic bottoms in the Baltic proper is controlled by
parison of external and internal P loads clearly highlights therates of deposition and degradation of organic matter. This,
dominating role of sediments as DIP regeneration catalystsin turn, indicates that the vicious circlgghtera et al.2007)
rather than P sinks in the Baltic Proper, and confirms the posis not only triggered by increased sedimentation of organic
itive feedback (or the vicious circahtera et al.2007) be- matter, causing expanded oxygen depletion which causes in-
tween enhanced phytoplankton production, higher rates otreased P fluxes from sediment, but that increased sedimen-
organic matter sedimentation, spread of anoxia, stimulatedation of organic matter per se causes a higher benthic P flux.
benthic P flux, and intensified cyanobacterial blooms and NThis, in turn, stimulates cyanobacterial growth and blooms,
fixation. Further efforts to find cost-efficient solutions to de- which causes higher export of organic matter from surface to
crease the internal DIP load in the Baltic should, thus, bebottom making the benthic P flux higher, and so on.
seriously considered. The flux from anoxic sediment was very P rich in rela-

tion to both C and N, and the average C:P ratio in fluxes
from anoxic accumulation bottoms was695 (meant10),

5 Conclusions which is well below the Redfield C:P ratio of 106. At

) ) _ o oxic stations, however, the C: P flux ratio was much higher
This study is the first to report in situ measured ben-than the Redfield ratio, consistent with well-known P reten-
thic DIP fluxes in the open Baltic proper. It also provides tjon mechanisms associated with Fe and bacteria in oxidised
the most comprehensive dataset of benthic DIP fluxes insegdiment.
the Baltic proper existing to date. One general finding of  sjng a benthic mass balance approach, a burial efficiency
this study is that the DIP flux in the EGB increased with ¢ 9 2_12 94 was calculated for the anoxic part of the EGB,
increasing water depth and with decreasing bottom wayyhich suggests that anoxic Baltic sediments are very efficient
ter oxygen concentration. The average DIP flux at anoxicj, recycling deposited P.

24— :
bottoms -124m) was (B760.214 mmolnt“d ' and Based on the measured DIP fluxes from anoxic bottoms,
0.003+ 0.040 mmolnT<d™" for oxic bottoms stations. The = 4 internal DIP load to the Baltic proper water column of
in situ measured fluxes were in the upper range or muchy 57 ktonyr! was calculated for the period 1999-2006 and
higher than previous ex situ estimated fluxes at anoxic botyf 53 kton yr1 for the period 1960—1998 (assuming the av-

toms. This difference may be explained by uncertainties withgrage benthic DIP flux at anoxic bottoms has not changed
estimating fluxes from pore water gradients (e®undby
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in-between these two time periods). Thus, the more recenConley, D. J., Humborg, C., Rahm, L., Savchuk, O. P., and Wulff, F.
internal load is about 89 kton y?‘ higher than in 1960-1998, Hypoxia in the Baltic Sea and basin-scale changes in phosphorus
which is due to the larger area of sediments underlying biogeochemistry, Environ. Sci. Technol., 36, 5315-5320, 2002.
anoxic water in the later period. Our estimated internal loadEilola, K., Meier, H. E. M., and Almroth, E.: On the dynamics
for 1999-2006 is 9 times higher than the most recent esti- ©f ©xygen, phosphorus and cyanobacteria in the Baltic Sea; A
mate of the average external load for the same time period, M°de! study, J. Marine Syst., 75, 163184, 2009.

This clearly highlights the dominating role of sedimentar Ekeroth, N., Lindsiom, M., Blomqvist, S., and Hall, P. O.- Re-
‘eary 9 g. 9 Y colonisation by Macrobenthos Mobilises Organic Phosphorus
recycling in the Baltic proper P cycle.

from Reoxidised Baltic Sea Sediments, Aquat. Geochem., 18,

499-513d0i:10.1007/s10498-012-9172-2012.
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