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Abstract. To test the hypothesis whether high molecular and only partly degradation and release of this organic car-
weight dissolved organic matter (HMW-DOM) in a high lat- bon will increase the atmospheric @@vels by several ppm
itude marginal sea is dominated by terrestrial derived mat{Friedlingstein et al., 2006). DOM plays an important role in
ter, 10 stations were sampled along the salinity gradient othe aquatic cycles of C, N, and P, where it serves as an energy
the central and northern Baltic Sea and were analyzed fosource and as a nutrient, and in the oceans it contributes to
concentrations of dissolved organic carbon as wel'@€ eutrophication and hypoxia (Wiegner and Seitzinger, 2004;
values of HMW-DOM. Different end-member-mixing mod- Stepanauskas et al., 1999; Seitzinger and Sanders, 1997). It
els were applied to quantify the influence of terrestrial DOM consists of a complex mixture of organic compounds, such as
and to test for conservative versus non-conservative behawipids, amino acids, sugars, and humic or fulvic acids (Ben-
ior of the terrestrial DOM in the different Baltic Sea basins. ner, 2002), and every year around 0.25 Gt @%0« 10*°q)
The share of terrestrial DOM to the total HMW-DOM was are transported as DOM via the rivers to the coastal oceans
calculated for each station, ranging from 43 to 83 %. This(Cauwet et al., 2002).
shows the high influence of terrestrial DOM inputs for the In the last decade major research focus has been put on
Baltic Sea ecosystem. The data also suggest that terrestritthe carbon release from thawing permafrost soils in high lati-
DOM reaching the open Baltic Sea is not subject to substantude systems induced by climate change (Zimov et al., 2009;
tial removal anymore. However compared to riverine DOM Tarnocai et al., 2009; Schuur et al., 2008). It is assumed that
concentrations, our results indicate that substantial amountiarge amounts of this released organic carbon are transported
of HMW-DOM (> 50 %) seem to be removed near the coast-via the rivers to the coastal oceans, and one important ques-
line during estuarine mixing. A budget approach yielded res-tion is how much of this DOC is either retained and degraded
idence times for terrestrial DOM of 2.8, 3.0, and 4.5yr for in the coastal systems or exported to the open ocean.
the Bothnian Bay, the Bothnian Sea and the Baltic Proper. Typical DOC concentrations in rivers range between 80
in semi-arid and 660 pmott in wet tropic regions (Mey-
beck, 1988). For the period from 1996 to 2000, the av-
erage discharge-weighted DOC concentration for all rivers
1 Introduction draining into the Bothnian Bay and the Bothnian Sea is
623 and 498 umot! (data from monthly monitoring in
Soil organic matter, which forms the major part of terrestrial syedish and Finnish rivers, source: Baltic Nest Institute).
DOM, is one of the world’s largest reservoirs of organic car- | the open Baltic Sea, the concentrations of DOM are

bon. Globally around 1500 Gt organic carbon are stored inmych lower (Nausch et al., 2010) indicating either a strong
the soils at depths between 0—200cm (Zimov et al., 2006),
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removal or dilution. DOM removal can be biotic (e.g. up- compared to organic matter released from marine phyto-
take by bacteria, algae, plankton) or abiotic (UV photo- plankton ¢13C: —20.9 to —22.7 %.) (Benner et al., 1997;
oxidation, sorption) (Amon and Benner, 1994, 1996; Rivkin Guo et al., 2003). It is known that th#3C values of ma-
and Putt, 1987; Moran and Zepp, 1997, Druffel et al., 1996).rine DOC relatively well match th&'3C values from marine
Bacteria are the main consumers of DOM, but also some alphytoplankton (Benner et al., 1997) which suggests no or
gae as well as phyto- and zooplankton are able to use DOMgnly minor isotope fractionation during phytoplankton DOC
and the amount of DOM removal depends strongly on therelease. For three different Baltic Sea basins, Rolff and EIm-
bioavailability of the DOM. For nine rivers in the USA, gren (2000) reported averag®C values of-20.7 %o (Baltic
DON (dissolved organic nitrogen) and DOC bioavailabil- Proper),—23.3 %o (Bothnian Sea), and25.2 %o (Bothnian
ity ranged between 0-40 % and 1-16 %, respectively (Wieg-Bay) in phytoplankton (size fraction 5-100 pm) in the Baltic
ner et al., 2006). For rivers draining into the Baltic Sea, theSea. These differences s3C between the different basins
potential DON bioavailability covers a wide range from 8— are mainly a result of differences in t1&3C values of the
72 % (Stepanauskas et al., 2002), with rivers draining into thedissolved inorganic carbon (DIC) utilized by the phytoplank-
northeastern parts of the Baltic showing lower bioavailabil- ton and are also influenced by temperature. Terrestrial DIC is
ity (8—14 %) compared to rivers draining into the remaining showing lowers3C values compared to marine DIC (Peter-
area (29-72 %). The authors explain the lower DON bioavail-son and Fry, 1987), and the increasing terrestrial influence is
ability in the northeastern rivers with a high proportion of reflected in the decreasig®C values of the phytoplankton
DON originating from peat bogs in that area. This agreestowards the northern parts of the Baltic Sea.
with results published by Williams et al. (2010) that DOM  For tracing terrestrial DOM along the Mississippi River
in agriculturally dominated streams shows a higher bioavail-plume into the Gulf of Mexico, Guo et al. (2009) us#dC
ability than DOM in wetland streams. In a recent study Ko- values in HMW-DOM (1 kD-0.2 um). They found a seasonal
rth et al. (2011) found a shift from phytoplankton-dominated difference as well as an expected gradient with lod/&C
DON uptake in the North Sea and central Baltic Sea towardsvalues in the Mississippi River{26.3 and—25.2 %o in Au-
a bacteria-dominated DON uptake in the Bothnian Bay and agust and March respectively) and higher values in the high
weak positive relationship between DON concentrations andsaline waters in the Gulf of Mexico with23.1 %0 in August
uptake. and—21.9 %o in March.

DOM photo-oxidation occurs during the absorption of Inthe northern parts of the Baltic Sea, Alling et al. (2008)
sunlight by DOM, and four major types of photoproducts cantested in a novel approach the usesétS-DOS (dissolved
be produced: (1) low-molecular weight organic compounds,organic sulfur) to distinguish between terrestrial and ma-
(2) carbon gases, (3) unidentified bleached organic matterine DOM. Using this tracer gives the advantage that influ-
and (4) N- and P-rich compounds, like ammonium and phos-ences of estuarine-produced DOM can be excluded, due to
phate (Moran and Zepp, 1997). Besides being a removal prothe large concentration difference between the sulfur com-
cess, the DOM photo-oxidation also influences the bioavail-pounds in the marine and in the terrestrial environment. Due
ability of DOM. Even a moderate dose of solar radiation canto a much higher concentration of sulfur in the marine envi-
decrease the DOC bioavailability by 40 % (Stepanauskas etonment, estuarine-produced DOM has a typical mat¥ig
al., 2005). value. A second advantage is a much larger range irf the

There is only little knowledge about the importance of values between marine and terrestrial DOM&#tS than for
DOM sorption by suspended particulate matter for DOM re-§13C (Alling et al., 2008). Unfortunately, the determination
moval, but it is recognized as a possible pathway (Druffel etof §34S-DOS is very lab-intensive due to an additional ultra-
al., 1996). Studies have shown that, especially during sumfiltration step to remove inorganic S and furthermore, it re-
mer when nutrients are depleted, DOM can be an importantjuires a much higher sampling volume because of low DOS
nutrient fuelling primary production (Berg et al., 2003; Ko- concentrations. In their study the authors estimated the share
rth et al., 2011; Stepanauskas et al., 1999), and especially faof terrestrial DOC in the water column for the Bothnian Bay
sensible ecosystems like the Baltic Sea terrestrial DOM in-the Bothnian Sea, and the Baltic Proper of 67, 75, and 87 %,
puts are assumed to strongly influence the biogeochemistryrespectively. Furthermore they calculated the residence time

A key issue to understanding the transformations of ter-for terrestrial DOC, which was much shorter than the hy-
restrial organic carbon in the ocean is to disentangle the lattedraulic turnover time and indicated a degradation of DOC
from marine-produced organic matter (Alling et al., 2008). A within the basins.
useful tool to distinguish between terrestrial (allochthonous) Aim of our study was the quantification of terrestrial
and marine (autochthonous) DOM in coastal oceans is théeAiMW-DOM along the salinity gradient of the central and
analysis of stable isotope ratios of C in HMW-DOM, which northern Baltic Sea, which included also the main basin of
represents the DOM fraction between 1 kD and 0.3 or 0.7 pnthe Baltic Sea the Baltic Proper. To distinguish between the
(Benner et al., 1997; Guo et al., 2003, 2009; Sigleo andautochthonous and allochthonous DOM, we analyzed the
Macko, 2002). Organic matter from terrestrial sources (C3stable isotopes of C in HMW-DOM along the salinity gradi-
plants) is relatively depleted iHC (§13C: —30 to —25 %o) ent of the central Baltic Sea. The calculation of a theoretical
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mixing curve of thes13C-DOM values together with the ap- Maria S Merian In total 13 stations were sampled. During
plication of an end-member mixing model allowed us to in- the cruises with rAM. S. Merianand r/vP. A. Pencksur-
vestigate in detail the distribution and behavior (conservativeface water samples (1-5m depth) for DOM ultra-filtration
VS. hon-conservative) of terrestrial HMW-DOM in the cen- were taken from a sampling rosette with Niskins, attached to
tral and northern Baltic Sea basins. Since Alling et al. (2008)a seabird CTD system. Samples were stored in the dark in
did their study during the winter months, the results from pre-cleaned 10-I canisters until further preparation.

our study — where samples were taken from early spring to Pre-filtered samples (GFF, precombusted at45fbr 2 h)

late summer — furthermore complete the picture of seasonalvere ultra-filtered using a cross-flow filtration system from
HMW-DOM distribution and behavior in the Baltic Sea. Millipore with 2 Pellicon 2 cartridges (cut-off 1 kD). The
cross-flow ratio (retentate-to-permeate flux, CFR) was kept
well above 15 according to the advice given in the study
of Larsson et al. (2002). After the ultra-filtration step, the
samples were frozen immediately in 500 ml PETG bottles
at —20°C and freeze-dried. The freeze-dried material was

The Baltic Sea provides, as a high-latitude semi-enclosed inWeighted into silver caps, after acidification with 0.1 MHCI
and subsequent drying. Determination of stable isotope ra-

land sea, an ideal study area for investigating the fate of ter< g e
restrially derived dissolved organic matter, since the soils inl0S Was done in a Thermo Finnigan Delta V Advantage mass

the northern part of the catchment contain a similar amounfSPectrometer, after combustion irlsa Carlo Erba NC2500 el-
of organic carbon compared to the soils in Alaska, Siberiaﬁamoent""I analyzer at 102C. The$™°C values are reported
and Russia (IPCC, 2001). The rivers draining into the Both-I" %o relative to relative to Pee Dee Belemnite (PDB); the
nian Bay, which forms the northernmost basin of the Baltic US€d IAEA reference materials were CO-1, CO-8, NBS18,
Sea, show similar DOC concentrations to the rivers draining?1d NBS 19. Peptone was used as internal lab standard. The
into the Arctic Ocean and show — due to comparable climatg?nalytical precision is-0.2 %o. _
conditions — a similar runoff scheme with a pronounced snow Samples for DOC analysis were taken from the pre-filtered
melt-induced spring flood event. Towards the south the BalticS@MPIe as well as from retentate and permeate after the ultra-
Sea changes from a sub-arctic to a boreal system. It is corfiliration step to allow a recovery calculation. DOC analy-

posed of several deep basins separated by sills and has a vei§S Were done by high-temperature catalytic oxidation with
shallow connection to the North Sea. Due to the high fresh-& Shimadzu TOC-VCPH. Inorganic carbon was removed by

water input, a salinity gradient from nearly full marine (salin- 2cidifying the samples with HCI to pH 2. The DOC recovery
ity 35) to fresh water conditions (salinity 0) exists, which during the ultrafiltration step was calculated for every station,

gives the whole Baltic Sea area an estuarine character. TH&nged bgtween 13.1-27.3%, and showed no correlation to
water residence times range from 0.2 yr in the shallow Dan-Salinity (- =0.02). 18
For analysis of th&-°0-H,O values, sub-samples were

ish straits and Kattegat to 5.1yr in the Bothnian Bay (Both- i
nian Sea 3.2, Baltic Proper 4.4 yr; Savchuk, 2005). The Dars&aken from the pre-filtered water samples. Analyses were
and Drodgen sills separate the shallow western parts from thd0ne €ither in a Thermo Finnigan Delta V Advantage after
deeper central and northern parts of the Baltic Sea (Fig. 1){ermo-conversion in a TCEA at 133Q via ConFlo IV or

Due to the special topographic and hydrographic conditiond” @ Los Gatos LWIA (liquid water isotope analyzer). The
in combination with a high population density and a high used reference materials were SMOW, GISP, and SLAP. The

values are reported relative to VSMOW and the analytical
%o.

2 Material and methods

2.1 Study area

proportion of the catchment used for agricultural land use == Gt
especially in the southern parts of the catchment, the Baltid®"€cision is+0.2
Sea is very sensitive to influences from the terrestrial land- i
scape and is suffering from eutrophication and bottom wate-3 Data evaluation

anoxia (Voss et al., 2011).
( ) To evaluate if the DOC distribution in the Baltic Sea is de-

2.2 Sampling and analyses termined by mixing or by production and degradation pro-
cesses, we calculated a theoretical mixing curvesfse-
Samples were taken during two cruises to the Baltic Sea. Th®OC, which we compared with our measudC-HMW-
first set of samples was taken during a cruise withRvg- DOC values. This was done for all stations east of the Darss
fessor Albrecht Penckn 14 March 2009, where 3 samples Sill, and the end-members we used for the calculation were
were taken along the salinity gradient of the outflow of the the two stations, which showed the lowest and highest salin-
Oder lagoon in the Oder (Pomeranian) Bight. The secondty. The used equations are described in Fry (2002) and were
sampling took place from 25 August to 7 September 2009slightly modified by Kaldy et al. (2005).
during a Baltic Sea transect cruise from Bremerhaven (Ger- In a second approach we wanted to estimate the share
many) through the German Bight, Skagerrak, Kattegat to theof terrestrial DOC in the various basins of the Baltic
mouth of the Kalix River (northern Sweden, Fig. 1) with r/lv Sea east of the Darss Sill. Therefore we applied an
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68 values of Baltic Sea phytoplankton (size fraction 5—-100 pum)
a Ollftal:i:w sampled in the different basins which are reported from
. ¥ Rolff and Elmgren (2000) to calculate an averatéC
4 value for phytoplankton from the Baltic Sea. This calculated
o BB average value {23.1%.) was used as end-member for
; ZESEE—— marine/autochthonous DOMYCayy.

Bay The share of terrestrial DOCfig,) at every station was

calculated with the formula:

4
64 3

62 BS —___ Bothnian
35 Sea fter = (813C53mp|e_ 513Caut)/(813cter - 513Caut) 5 (1)

Lat
*

w

w

60 with §13Csample= 13C value of the sample at the certain sta-
" Kattegat + \ Gulfof tion.

1 >¢ T Finland The calculated share of terrestrial DOC at each sampled
30 A Drodgen R \G;ilfgf station was then compared to the share of freshwater (%

1}/ sill . freshwater), which we calculated with an additional EMMA
’iy LT e by means of theSlSO_-HZO values. The end-members we
BeS055, b used for this calculation were tf#¢20 value for full marine
1 waters of 0%. (Craig and Gordon, 1965) and a calculated
o4 * g o S discharge-weighted averag®0-H,O value for river water
EL e draining into the Baltic Sea{11.7 %o). Thes80-H,0 data
= for the calculation of this average value were taken from a
study of Burgman et al. (1987). The discharge data were ob-
5 10 15 20 % 30 tained from the Baltic Environmental Database (BED). The
Long used end-members for all calculations are summarized in Ta-

ble 1.

Fig. 1. Map (a) showing all stations from the German Bight (North
Sea) to the Kalix River mouth (Baltic Sea). The ingejtshows the

location of the Baltic Sea in Europe. 3 Results and discussion

3.1 Use ofs180-H,0 to characterize the different water
end-member-mixing-model-analysis (EMMA) by means of bodies

the §13C-HMW-DOM values. For the terrestrial DOC
(613C,.) the used end-member (EM) was an averdtf€ At station 1 a salinity of 31.8 was observed which slightly
value of HMW-DOM from the Kalix River collected dur- increased to the maximum value of 34.3 at station 3 and then
ing 4 sampling campaigns from April to October 2010 decreased continuously to 1.9 close to the Kalix River mouth
(—-27.1, —27.9, —28,5, —28.7 %o, MW =—28.14+ 0.7 %o). (station 41). Our sampled stations in the Oder Bight showed
This value well reflects the typical'3C values of terres- salinities from 4.1 to 6.8. By plotting the measur&§oO-
trial organic matter measured in other river systems (e.gH»>O values against the salinities, it becomes obvious that we
Kaldy et al., 2005 and references therein; Van den Meer{found two different water bodies along our sampled gradi-
sche et al., 2009; Humborg et al., unpublished) and is inent (Fig. 2). The first covers our sampled stations 1 to 25
our opinion valid for terrestrial inputs via rivers throughout which are the German Bight, Skagerrak, Kattegat and Belt
the whole Baltic Sea area. In their review article RaymondSea and the second all stations east of the Darss Sill with ex-
and Bauer (2001) presest3C values of riverine DOC rang- ception of the 3 stations in the salinity gradient of the Oder
ing from —24.6 to—32.4 %o. Although the13C values they  Bight, where no relation between salinity astfO-H,0 is
present cover a wide range, many of the rivers presented irisible. Since the sampling in the Oder Bight occurred early
their publication show13C values of DOC arouné-28 %o in the year shortly after the melting of the ice in the Oder
or lower (e.g. Amazon:=-28.0 %o, York:—28.8 to—27.9 %0,  lagoon, we assume an influence of the meltwater here. The
Parker:—28.3 t0—29.0 %o). difference in the water bodies is expressed in a change of
Finding a suitable end-member for the ma- the slope and reflects the high proportion of a high latitude
rine/autochthonous DOM component in the Baltic Seafreshwater input into the central and northern parts of the
was more challenging, since the phytoplankton in the BalticBaltic Sea, which are characterized by lowétO-H,O val-
Sea show differen$13C values depending on th&'3C ues compared to the freshwater inputs into the western parts
value of the DIC which they used as carbon source. This isof the Baltic Sea, which have slightly high&t®0-H,0 val-
then also mirrored in thé3C values of the DOC released ues. A similas180-H,0 vs. salinity pattern in the Baltic Sea
by the phytoplankton cells. We used the averadéC is also reported in the study oféhlich et al. (1988), however
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Table 1.Used end-member for the different mixing-model approaches which were applied.

Mixing model used to High salinity end-member Low salinity end-member
(marine/autochthonous) (freshwater/terrestrial)
Check isotope data for mixing  §3C =—25.3 %o (own data) 813C =—27.3 %o(own data)

Calculate the share of DQ& $13C=—-23.1%0 (calculated from Rolff 813C=—-28.1%0 (own data)
and EImgren, 2000)
Calculate the share of freshwaters180-H,0 = 0 %o 8180-H,0=—11.7%0 (calculated from
Burgman et al., 1987)

not as pronounced as in this study. Rivers draining into thes3C values of HMW-DOM betweenr-22.7 and—20.9 %o at
Bothnian Bay and Bothnian Sea show averag#0-H,O salinities > 35 and decreasing>C values with decreasing
values< —12 %0, whereas the values are—10 %o for rivers ~ salinities similar to our study (Guo et al., 2003). Inside the
draining into the Baltic Proper (Burgman et al., 1987). Be- Trinity River (salinity < 5) §13C values lower thar-25.5 %o
tween the Darss Sill and the adjacent Arkona Basin (Statiorwere recorded, reflecting a higher influence of terrestrial or-
25, Fig. 1), the two water bodies meet. Surprisingly there isganic material. Lowes'3C values of HMW-DOM were also

no real transition zone visible between the two water bodiegeported from the Potomac River27.3 to —24.0 %.), the

but an abrupt change. The exceptional function of the shalChesapeake Bay27.8 to—23.5 %0) and the San Francisco
low entrance parts of the Baltic Sea for the water exchangeBay (—27.8 to—26.0 %o) (Sigleo and Macko, 2002), as well
between the North Sea and the central Baltic Sea is well inas for the Mississippi River plume (Guo et al., 2009) and the
vestigated (e.g. Lass et al., 2005), and strongly influences thPamunkey River (McCallister et al., 2006). In the Scheldt
water residence times which are calculated to be 0.2 yr in th&River and estuary§3C-DOC values ranging from around
Danish Straits west of the Darss Sill and 4.4 yr in the adjacent-25 to lower than—30 %. have been measured (Van den
Baltic Proper (Savchuk, 2005). Based on 8t#0-H,O mea-  Meersche et al., 2009). In the Altamaha and Satilla estuar-
surements, we decided to use only the data set with salinitieges in southeastern USA, a gradient in the DOC concentra-
< 7.5 (all stations east of station 25) for further investiga- tions and in thés'3C values of the DOC and the humic acid
tions about distribution of terrestrial dissolved organic matter(HS) fraction was observed by Otero et al. (2003). Higher
within the Baltic Sea ecosystem. To avoid a mix up of dataDOC concentrations as well as lowg#*C-DOC ands!3C-
from different systems, the used dataset includes the stationdS were measured close to the river mouth. THe-DOC

31-41 and the gradient in the Oder Bight (OB1-OB3). values ranged from-25.3 to—19 %o in the Altamaha estu-
ary and slightly lower in the Satilla estuary27 to—21 %o).
3.2 DOC concentrations ands*C values of Whereas both th&!3C-DOC and thé13C-HS values closely
HMW-DOC followed the conservative mixing line in the Altamaha estu-

ary, strong deviations from the mixing line could be observed
: ity angl3 _ for the s13C-DOC values in the Satilla estuary. The authors
centratlz_)ns as well as salinity a C'.HMW'DOC 1S explained these differences with an addition of a non-humic
shown in Fig. 3. The DOC concentrations ranged from estuarine-produced DOC as a result of the longer water resi-

1
2.73 t‘? 351 pmoh‘ .and showed only a weak correla- dence times in the Satilla estuary compared to the Altamaha
tion with salinity (Fig. 3a, mean absolute percentage er'estuary

ror (MAPE) =5.39 %). As expected the concentrations were As seen from Fig. 3b, the values deviate slightly from the

hr:ghest _closeftoh the Kah; IR_lvefrhestluary and lowest M calculated mixing curve. This can be a result of the method-
the stations of the open Baltic. The lowest COncentrat'onologicaI precision but might also indicate that not only mix-

W,ash meazgred in the northemmost f]'[;lgon OI the ?defng determines the HMW-DOC distribution in the Baltic Sea.
Bight gradient. In contrast to DOC th&™C values of  gjnce most of thes13C values are slightly higher than the

Fhe H.MW'EOM shol/ved Zaovery qud relati(:jnship tg salin- mixing line, we assume a slight addition of DOC from ma-
ity (Fig. 3b, MAPE=1.12%). The isotope data indicate a rine sources which will be mainly phytoplankton-released

change in the composition of the DOM from a more teIres- ¢, This seems to be likely, since most stations were sam-

trial s_ourf:e at .Iower salinities, which reflects C-3 based Car'pled during the summer months when primary production
bon fixation with values lower than 27 %o, to a more ma-

ine/ hth ith hiahtee val q reaches its seasonal maximum. The maximum difference in
rine/autochthonous source with hig values around  q 513C values between the calculated values for mixing and
—24.5 %o at higher salinities. Benner et al. (1997) rep&t€

4 > , the measured values is however only 0.5 %o, which indicates
values for marine DOM from the Pacific and Atlantic Ocean a minor contribution of DOC from phytoplankton release
and the Gulf of Mexico in a narrow range frqm22.2 0 This seems to be reasonable since it is known that large parts
—21.7 %0. Another study from the Gulf of Mexico presents

The relationship between salinity and the DOC con-

www.biogeosciences.net/9/4465/2012/ Biogeosciences, 9, 4¥655-2012



4470 B. Deutsch et al.: Inputs of terrestrial high molecular weight

0 1 360 14
. 4
y=0.23x - 8.54, r2 = 0.997
\ 340 1 ¢
—_ =4 A sl 1 &
= = 3201
o, E |
T = i
' (@)
?Ei 5 y = 0.80x - 1253, 1 = 0.994 S 300: V'S o .
¢ NS, SK, KT, BeS 280 -
A BP BS, BB L 7
+ OB 1
D I es— 260 —7—F—r—+—+—+—+—
0 10 20 30 40 0 2 4 6 8
Salinity Salinity
-25 -
Fig. 2.5180-H,0 values plotted versus salinity for the three differ- b
ent groups of stations (diamonds: North Sea (NS), Skagerrak (SK), i
Kattegat (KT), and Belt Sea (BeS); triangles: Baltic Proper (BP), 255 4
Bothnian Sea (BS), Bothnian Bay (BB), crosses: Oder Bight (OB)).
i _26 -
of fresh DOC recently released from phytoplankton can be % i
highly bioavailable and accessible (Norrman et al., 1995), 8
which implies that it will not accumulate. g 265 1
If we compare our measured DOC concentrations with the h .
calculated DOC concentrations from the mixing equations, it 97 |
can be observed that nearly all stations show a lower mea- ¢ BP BS BB
sured DOC concentration than calculated (maximum differ- 1 A& OB
ence is 44 pmoH?! at station 44). Besides the fact that there 275 . . . . = = = )
is always an influence from the analytical precision of our ap- 0 2 4 6 8
plied methods (stable isotope analysi€).2 %., DOC analy- Salinity

sis: 5 %), it can be assumed that there exists another process, ) 13

which reduces the DOC concentrations without being visibleFig- 3. DOC concentrationg) ands™=C values of HMW-DOM(b)

in thes13C values Degradation of organic matter might be aplotted versus salinity for all stations in the salinity range between
. NSO - 0-—7.5. The black diamonds show the stations sampled in the Baltic

possible one since it is still not known to what extent it influ-

. Proper, Bothnian Sea, and Bothnian Bay during the cruise with r/v
13

ences thé™=°C values of the res_'dual DOM. Wheregs Macko Maria S. Merian and the grey triangles represent the station in the
and Estep (1984) could show in laboratory experiments thap e, Bight.

microbial DOM uptake can influence tl3é3C values of the

residual DOM, data from terrestrial systems indicate that iso-

tope fractionation associated with DOM degradation might

be low. For the Baltic river Lulglven, Humborg et al. (un- at each of our investigated stations, assuming that the share
published) could not detect any significant changélifc- ~ of HMW-DOM to the total DOM pool is constant throughout
HMW-DOC (—26.6 to —28.2 %o) even if it is known from all sampled stations. The contribution of D@Qo the total
CO, measurements that this river is oversaturated with CO DOC ranged from 40 to 80 %. The lowest percentage was

because of DOC respiration indicating a degradation as higfiound at station 31, which was the station with the highest
as 50 % (Humborg et al., 2010). salinity, and the highest was found at station 41 closest to the

Kalix River mouth. The calculated concentrations of DEC
3.3  What happens to HMW-DOG,, in the Baltic Sea? ranged from 125 to 292 pmott and show a linear correla-
tion with salinity (Fig. 5a, yr =29.44x +32188,r2 = 0.73,
To evaluate the fate of terrestrial DOM within the Baltic Sea p < 0.002). This indicates that the DQEis not subject to
ecosystem and to check for HMW-DOM degradation, we an intensive removal once it reaches the open Baltic Sea. If
used the calculated share of terrestrial DOC ([QGrom we add the annual average discharge-weighted DOC concen-
the EMMA (Fig. 4) to calculate the concentration of DE@C  tration of the Kalix River (519 pmotit, 1996—-2000, source:
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monthly monitoring data) to Fig. 5a, we see that the linear s
correlation is no longer visible anymore, which indicates a
removal of the terrestrial organic matter directly in the es-
tuary. However, only station 41 might be directly influenced ~ *° Py
only by water from the Kalix River, whereas all the other sta- 66%
tions sampled in the Bothnian Bay show a mixture of DOC ., 70%
which derived from various rivers draining into this basin.
If we add an average discharge-weighted DOC concentra- 55%
tion for all rivers draining into the Bothnian Bay, which is 62
estimated to be around 624 umoti(source: monthly mon- 500,
itoring data, Baltic Nest Institute), to Fig. 5a, the removal of
the DOGer in the estuaries becomes more distinct. In total & ? 50%
around 390 umol DOC, which is 50 % of the input, are re-
moved within this salinity range. A common feature of the g
rivers draining into the northern parts of the Baltic Sea is a 43%
pronounced spring peak, where large amounts of DOC were
transported to the Baltic together with the melting water dur- 8
ing a very short period. Therefore it can be assumed that
the removal of DOg within the estuaries varies strongly
throughout the year. However since the material we sam-
pled at the central stations of the Baltic Sea is at least severa
months old and represents a mixture of several estuaries, thi =2
spring peak flow events will not influence our results to such
a great extent. 5 10 15 20 28 30

Benner and Amon (1996) developed the conceptual “size -one
reactivity continuum model” which implies that the biore- Fig 4. Results from the EMMA approach showing the calculated
activity of dissolved organic matter decreases with decreasproportions of terrestrial DOC in percent.
ing size of the compounds. They suggest that the HMW-
DOM is the more fresh material, whereas the low molecu-
lar weight (LMW) DOM is more diagenetically altered. The
model theory was proven by several other studies (Sulzberger Interestingly, the contribution of terrestrial DOC does not
and Durisch-Kaiser, 2009, and references therein); howeverfall below 43 % level even in the central basins of the Baltic
there were other studies showing contradictory results (e.gSea, which confirms the high influence of the terrestrial land-
Rochelle-Newall et al., 2004; Rosenstock et al., 2005). In ourscape to the ecosystem of the Baltic Sea. This indicates how
data we could not find a correlation between salinity and thestrong a climate-related increase of the terrestrial DOM input
calculated DOM recovery, which could be used as an indica-might influence the biogeochemistry of this ecosystem.
tor of a change in the size of the DOM. Therefore it is not Overall our results are in very good agreement with the
visible from our data if a similar pattern as reported from results from Alling et al. (2008) where th#*S values of
Benner and Amon (1996) exists. However it might be possi-DOS were used to calculate the share of REIA the cen-
ble at salinities lower than 1.9 that differences in the ratio oftral and northern Baltic Sea. Both studies calculated more
HMW-DOM to LMW-DOM could be observed. or less exactly the same amount of terrestrial organic matter

A similar removal pattern as found in our study was alsofor the Baltic Proper {40 %), the Bothnian Sea<(50 %)
reported for the Arctic region in the studies of Alling et and the Bothnian Bay~ 70-80 %). However larger differ-
al. (2010) and Letscher et al. (2011). For the Lena River dis-ences appear if Alling et al. (2008) convert their contributions
charge on the East Siberian Arctic Shelf, Alling et al. (2010) from DOS to DOC by using C: S ratios for terrestrial and
calculated a DOC removal of up to 50 % before reaching themarine organic matter from literature. After the conversion
high salinity areas of the central Arctic Ocean giving a first- Alling et al. (2008) report higher shares of DQompared
order removal rate constant of 0.3yt This rate was con- to our calculations. A reason for the observed differences in
firmed (Q24+0.08) by a study in the Makarov and Eurasian the calculated share of DQ& might be caused by differ-
basin in the Arctic by Letscher et al. (2011). They observedent sampling seasons. Whereas Alling et al. (2008) sampled
a linear correlation between salinity (range 26 to 34) and theduring winter, our samples were taken during late summer,
DOC concentration, and used their correlation together withwhich makes a higher contribution of autochthonous DOC
an annual mean DOC concentration for the Arctic rivers tomost likely. However also the choice of an appropriate C: S
calculate a loss of 400 umait DOC over the Arctic shelf  ratio for the conversion of the DOS to the DOC can be a cru-
system. cial point.

oy
o 00 T2%
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B00 14 estingly, the samples from the Baltic Proper, Bothnian Sea,
and Bothnian Bay (31-44) show a linear correlation between
the percentage of freshwater and the percentage of {OC
with a slope close to 1 but an offset 20 %) from the 1:1
line, whereas the three samples of the Oder Bight transect
showed no correlation between the percentage of freshwater
4004 %\ and DOGg. The parallel curse indicates in our opinion that
~ once the DOg, has reached the open waters it is not sub-
A ject to significant removal anymore. The 20 % offset between
200 4 * the stations and the 1:1 line however indicate that either re-
moval occurred before the DQEreached the open Baltic
Sea or that a constant addition of autochthonous DOM took
o 2 4 & 8 place. Both processes seem to be likely during the sampled
e 5P 55 BB Salinity season and mi.ght. have Qccurred parallel, but since we could
A OB not detect a significant input of DOC from phytoplankton
_ 2verage discharge weighted by means of ous3C mixing calculations, we favor DQg
DOC BB rivers removal within the estuaries as responsible process. What re-
= g*géag}é"dfgm?e weighted mains unclear however is the reason for the observed differ-
ence between the 50 % DOGgr removal, which we calcu-
b lated from the DOg-salinity plot and the 20 % removal that
was calculated from Fig. 5b. Since both calculations use the
100 same calculated share of DQEas basis, only the choice of
thes180-H,0 end-member values for the freshwater EMMA
influences the offset between the calculated shares of fresh-
water and DOG,. Whereas thé180-H,0 values in surface
waters of the North Sea and northern Atlantic show only lit-
tle variation (0.5 to +0.3 %o, source: Schmidt et al., 1999,
Global Seawater Oxygen-18 Database —v1.21) and therefore
our chosen end member of 0 %o seems reliablestf@ val-
ues in the river water cover a wider range. However even
. . : : : : . if we modify the freshwater end-member in our freshwater
40 60 80 100 EMMA to lower (higher freshwater input from high latitude
% freshwater rivers) or higher (higher freshwater input from low latitude

Fig. 5. The calculated DOfg, concentrations plotted versus salinity r'VerS)_‘Smo values (Burgmaq et_ aI.,. 1987), th,e general pat-

(a) together with the average discharge-weighted DOC concentrat€n With the parallel curve — indicating no major DigCe-

tion of the Kalix River (open square) and of all rivers draining into moval in the open Baltic — shown in Fig. 5b is still visible.

the Bothnian Bay (black square). The solid line represents the linear

fit for all samples without the average river DOC concentration, the3.4 A HMW-DOC budget for the central and northern

dashed line the logarithmic fit for all samples with the average river Baltic Sea

DOC concentration. Plab) shows the calculated share of DQC

versus the share of freshwater. The dashed line represents the 1d55ed on our measured concentrations and the calculated

!lne;_ the solid line is the linear fit. The symbols are the same Usedshare of DOG, we calculated a DOC budget for the Baltic

in Fig. 3. Proper, the Bothnian Sea and the Bothnian Bay (Table 2).
The DOC stocks were calculated for each basin by multi-
plying the average DOC concentration with the water vol-

In an additional approach to evaluate the possible pro-ume of the respective basin. To calculate the DOC stock for

cesses that determine the DOM distribution in the Baltic,the Gulf of Finland, the DOC concentration (300 umdi

we calculated the share of freshwater for each of our stawas taken from Pithknen et al. (2008). The DQ& stocks

tions by means of th&'0-H,O values and plotted it against were calculated by using the average share of RQ€total

the calculated share of DQE (Fig. 5b). Assuming that the DOC. The transport of DOC between the basins was calcu-

DOM distribution in the Baltic Sea is only determined by lated by using the water budget of the Baltic Sea presented

mixing the plotted values should more or less follow the in Savchuk (2005). Import of DOC from the Gulf of Riga to

1:1 line, whereas all deviations from this line should point the Baltic Proper could not be incorporated into the budget

to other processes that might influence the DOM distribu-because of a lack of DOC data from the Gulf of Riga. To cal-

tion like degradation or phytoplankton DOC release. Inter-culate the import of DOg; from the Gulf of Finland and the

600

H=-=

DOC,, [umol 1]

120 -

80 |
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60 |

40

Biogeosciences, 9, 4468475 2012 www.biogeosciences.net/9/4465/2012/



B. Deutsch et al.: Inputs of terrestrial high molecular weight 4473

Table 2.DOC budget for 3 Baltic Sea basins.

Basin average DOC DOCstock D@g stock DOGer DOGCerimportfrom riverine DOC  atm. DOC  point source DOCEDOGCer residence time
[umol I71] [kg] [%] [ka] other Basins [kg] inputs [kg] input [kg]  inputs [kg] input [kg] DO [yrs]
Bothnian Bay 307.6 5.02E+09 68 3.41E+09 4.01E+08 6.99E+08 4.16E+07 6.17E+07 1.20E+09 2.8
Bothnian Sea 316.4 1.72E+10 61 1.05E+10 2.81E+09 5.93E+08 8.31E+07  6.45E+07 3.56E+09 3.0
Baltic Proper 298.8 5.34E+10 58 3.08E+10 5.35E+09 1.04E+09 2.59E+08 1.67E+08 6.81E+09 4.5

Danish Straits to the Baltic Proper, we assumed a share oft al. (2008) by providing additional data for an additional
DOC of 60 % and 50 % for the respective basin. The river- Baltic Sea Basin from a different season. By comparing the
ine inputs of DOC were taken from monitoring data (source:results from both studies, it becomes obvious that there are
Baltic Nest Institute). Atmospheric inputs of DOC to the dif- some differences in the distribution and behavior of terres-
ferent basins were calculated with average DOC concentratrial DOM between winter and summer. Furthermore, we
tions (210 pmolt?) measured in rainwater of 9 sites in Swe- could point out that the high DOM removal, which was also
den (Neumann et al., 1959), the average annual precipitaproposed by Alling et al. (2008), does not takes place in the
tion in offshore areas of the Baltic Sea (450 mm) reported byopen Baltic Sea, but must happen in the estuaries, which
Bergstdm et al. (2001) and the size of the respective Balticseem to play an important role in regulating how much DOM
Sea areas. Point source emissions of TOC were calculategkaches the open Baltic Sea. Even if the material we found
by conversion of BOD7 (biological oxygen demand) valuesin the open Baltic Sea is not subject to intensive removal
obtained from the “Fourth Baltic Sea Pollution Load Compi- anymore, it is still there, and an increased input of terrestrial
lation” (Helcom, 2004) as described in Algesten et al. (2006)DOM due to climate change will lead to a further enrichment
and Kulihski and Pemkowiak (2011). According to Helcom of this unused material. Furthermore, it is unclear how much
(1983) the BOD7 value was divided by the conversion rate ofof this material is removed over longer timescales.
2.27 to calculate the point source input of TOC. To convert
the TOC concentration to DOC, we used a DOC: TOC ratio
of 0.9. The total input of DO, was calculated, and together AcknowledgementsThe authors would like to thank Heike Sieg-
with the stock of DOG, it was possible to calculate the resi- mund from_ SIL at Stockholm University for analysis of the stable
dence time of DOG; for the Bothnian Bay, the Bothnian Sea isotope ratios, as well as Falk I_Dollehne, I__ars Rahm, and the crews
of the research vessels rMaria S. Merianand r/v Professor
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reported from Alling et al. (2008), who calculated residence p\ggeR.
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