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Abstract. To examine the potential influence of terrestri- results indicate that DOM supply to the Baltic Sea from bo-
ally derived DOM on the Baltic Sea, a year-long study of real rivers will be more stable throughout the year, and po-
dissolved organic matter (DOM) was performed in threetentially have a lower bioavailability.
river catchments in Sweden. One catchment drains into the
Bothnian Sea, while two southern catchments drain into the
Baltic proper. Dissolved organic carbon (DOC) concentra-
tions were positively correlated with discharge from forested1 Introduction
catchments over the year. While the overall concentrations
of DOC were several times higher in the southern two catchdn the boreal regions freshwater dissolved organic matter
ments, higher discharge in the northern catchment resulted i(DOM) concentrations are increasing. This widespread phe-
the annual loadings of DOC being on the same order of magnomenon of increasing dissolved organic carbon (DOC) as
nitude for all three catchments. Biological oxygen demandwell as water colour, or chromophoric dissolved organic mat-
(BOD) was used as a proxy for the lability of carbon in the ter (CDOM), is attributed to higher concentrations of ter-
system. The range of BOD values was similar for all threerestrially derived DOM and has been observed in Scandi-
catchments, however, the ratio of BOD to DOC (an indica- navia (De Wit et al., 2007; Erlandsson et al., 2008), Canada
tion of the labile fraction) in Ume river was four times higher (Monteith et al., 2007) and the UK (Evans, 2005) as well
than in the southern two catchments. Total annual BOD loadas other countries (HruSka et al., 2009). Increasing DOM
ing to the Baltic Sea was twice as high in the northern catch-and water colour have profound effects on the ecosystem,
ment than in the two southern catchments. Lower winter tem-changing the aquatic light environment and increasing the
peratures and preservation of organic matter in the northsupply of allochthonous substrates for the planktonic com-
ern catchment combined with an intense spring flood helpmunities. Several factors have been suggested as drivers of
to explain the higher concentrations of labile carbon in thethis increasing organic matter trend, from decreasing acidi-
northern catchment. Lower lability of DOM as well as higher fication (Evans et al., 2012; Monteith et al., 2007) changing
colour in the southern catchments suggest that wetlands (i.nydrology and warming climates (Evans, 2005) to increas-
peat bogs) may be the dominant source of DOM in theseng ionic strength in soils (HruSka et al., 2009) and changes
catchments, particularly in periods of low flow. With climate in land use (Garnett et al., 2000). The specific processes be-
change expected to increase precipitation events and tempdhnind these trends are likely to at least partially vary regionally
atures across the region, the supply and quality of DOM de{Oni et al., 2013).
livered to the Baltic Sea can also be expected to change. Our A large amount of this terrestrially derived DOM is ac-
tively cycled in the freshwater systems; however, despite this
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active cycling, a significant fraction of this DOM, up to 50% flow (Erlandsson et al., 2008) and organic matter quality in-
of the input or~ 0.9 Pg C year! (Cole et al., 2007; Tranvik dicators (Kritzberg and Ekstréom, 2012) have changed over
et al., 2009; Battin et al., 2009), is subsequently transportedime. However, dynamics of biological reactivity require dif-
to the coastal ocean and there continues to be degraded bgrent assessments, such as BOD, which are more time-
marine microbial communities. While terrestrial DOM has consuming and therefore rarely incorporated into long-term
historically been considered as refractory to aquatic microbesnonitoring programs. In this paper we present a year-long
(Nagata, 2008), it is now recognised that it consists of a constudy of the DOM in three Swedish rivers flowing into the
tinuum of reactive components (Nagata, 2008; Koehler etBaltic Sea. The Baltic Sea is a semi-enclosed basin which
al., 2012). In the 1970s it was established that DOM couldis heavily influenced by runoff from the surrounding terres-
play a significant role in fuelling microbial food webs in trial regions. In addition to having a freshening effect on the
the coastal ocean (Pomeroy, 1974), and more recently, it haBaltic, the many rivers flowing into the Baltic Sea input a
been shown that the zooplankton community is also capabléarge amount of nutrients, making the Baltic Sea the world’s
of using allochthonous carbon sources as effective energlargest hypoxic basin, with permanent anoxia in deep bottom
sources (Rolff and EImgren, 2000). Microbial degradationwaters, as well as periodic hypoxia shallower coastal regions
of terrestrially derived DOM has been suggested as a com{Conley et al., 2011). The rivers flowing into the Baltic also
pounding factor in the Gulf of Mexico dead zone, increasingsupply organic matter and as a consequence up to 86 % of
hypoxia in the coastal zone contributing to elevated oxygenthe DOM in the Baltic Sea is thought to be terrestrially de-
consumption and eventual depletion (Dagg et al., 2008). Thisived (Alling et al., 2009; Deutsch et al., 2012). The reactivity
process is also likely to occur in other hypoxic basins such aof this terrestrial DOM is poorly understood and as a result
the Baltic Sea, where increasing terrestrial DOM input into little is known about its contribution to hypoxic conditions
the system may exacerbate of hypoxic conditions, particuin the Baltic Sea. The aim of the study is to examine DOM
larly in the northern regions, where increasing freshwater in-fluxes from rivers to the Baltic Sea, and how loadings of reac-
put has already been shown to be driving an ecosystem shitive DOM vary spatially and seasonally. We hypothesize that
from net autotrophy to net heterotrophy (Wikner and Ander- DOM concentrations and reactivity will vary seasonally with
sson, 2012). the discharge of the rivers. We assess this in three contrasting
The reactivity of DOM is controlled by its chemical char- Swedish rivers, occupying distinct climatic zones.
acteristics, or “quality”. The quality of DOM is not readily
defined but there are several indicators that are often used
to describe DOM. The slope of the chromophoric DOM (i.e. 2 Methods
CDOM) absorption spectrum can be used as an indicator of
carbon quality, specifically, the slope of the spectrum in the2.1 Sampling and measurements
ultraviolet (i.e. 275—295 nm) has been shown to be an indica-
tor of the molecular size of DOM (Helms et al., 2008). This A year-long study of riverine organic matter was undertaken
can be a useful indicator of DOM quality as larger moleculesat 3 catchments in Sweden (Fig. 1, Table 1). The Ume river
are often thought to be more biologically reactive (Amon andcatchment is covered by 7 % peatlands and 62 % forest, and
Benner, 1996, 1994). In addition, the carbon specific ultra-occupies a subarctic zone, with winter temperatures below
violet absorption (SUVAsy) is an indicator of the aromatic freezing. Ume catchment can be roughly divided into sub-
character of the DOM, with a higher SUYA value indicat-  catchments, upper Ume, and Vindeln. The sampling site for
ing that the DOM has a higher aromatic content (WeishaaitUme (Fig. 1, Table 1) is downstream of the confluence of the
et al., 2003), and is likely to be less biologically available two major subcatchments. Upper Ume is highly regulated
(Perdue, 1998). The drawback of these quality indicatorswith several hydro dams along its length, while Vindeln is
is that they characterise only a fraction of the DOM pool. unregulated and more forested. Ume river is the most north-
To assess the actual effect of DOM on oxygen conditions.ern catchment and flows into the Bothnian Sea. The Eméan
microbial assays such as simple biological oxygen demandénd Lyckeby rivers occupy a more temperate climate zone
(BOD) incubations can be used to determine the bulk reacwith mean winter temperatures arountd) and 69 and 72 %
tivity of the DOM with respect to the microbial community. forest cover, respectively, as well as lower peatland cover, 2
While there is a range of efficiencies with which the micro- and 1 %, respectively. Both Eman and Lyckeby rivers drain
bial community can access DOM (i.e. respiratory quotientinto the Baltic proper.
RQ); Berggren et al., 2012), for the most part these boreal Flow data for the sampling period was obtained from the
freshwater RQs fall within a relatively small range (0.5-2) Swedish Meteorological and Hydrological Institute’s Vat-
and as such BOD can be used as an effective proxy for the bitenweb (SMHI, http://vattenweb.smhi.se/statipnivho op-
ological reactivity or lability of the DOM (Miller et al., 2002; erate flow metres at the points of sampling. Flow data for
Asmala et al., 2013). Krycklan catchment (a low altitude subcatchment of Vin-
An extensive system of water quality and water flow mon- deln catchment) was obtained from the Krycklan Catch-
itoring exists in Sweden, making it possible to observe howment Study (Laudon et al.,, 2013). Catchment areas and
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Figure 1. Map of catchments locations. From north to south: Ume
river, Eman river, Lyckeby river.

land cover data were obtained from the Swedish Statisti-
cal Board http://www.sch.spand land use classifications
according to the GSD Survey map (open GIS database;
http://www.lantmateriet.9eClimate data was obtained from
SMHI (http://www.smhi.se/klimatdaja

Monthly samples of river water were collected in 2 L poly-
carbonate bottles (Nalgene) and were stored on ice in the
dark until returned to the laboratory (@ h). Upon return
to the laboratory, samples for DOC and CDOM measure-
ments were pre-filtered using ashed (4604 h) GF/F filters
(Whatman), and then filtered through 0.2 um polycarbonate
filters (Millipore). DOC was measured on a Shimadzu TOC
V-CPN in TC mode. The instrument was calibrated daily
with a NgCO;s for IC analysis and potassium hydrogen ph-
thalate for TC analysis. CDOM absorbance was measured in
a 1cm quartz cell on a Beckman Coulter D800 from 200 to
800 nm.

Biodegradable dissolved organic carbon was assessed as
two-week biological oxygen demand (BOD) measurements.
Samples were filtered through ashed GF/F filters directly into
60 mL Winkler bottles which were sealed without headspace.
The filtration was done to remove larger organisms and their
contribution to respiration, as well as to remove particulate
and detritus which may act as additional substrate for mi-
crobial degradation. Three bottles were fixed immediately
with Winkler reagents, and three more were incubated in the

www.biogeosciences.net/11/3409/2014/

Table 1.Catchment characteristics. Average annual temperatures are calculated from 2000 to 2010, average annual precipitation is calculated from 1992 to 2002 for Lyckeby, 198-2008

for upper Ume, and 2000-2010 for lower Ume and Eman.
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dark at 20.5C for two weeks. The two-week incubation pe- 3 Results

riod was chosen to give the bacterial community time to re-

establish from the filtration, as well as be short enough t03.1 Hydrographs

minimise any contribution to oxygen consumption from ni-

trification. The incubation was performed in the dark to elim- Ume catchment is the largest of the three study sites, and the
inate further complications from photochemical processesflow was an order of magnitude higher than in either of the
Photochemistry is known to both produce and destroy bi-two southern catchments. The hydrograph (grey bars, Figs. 2
ologically labile DOM and competition between microbes and 3) has two distinct peaks, one in June during the spring
and photochemical processes could complicate the interpreflood, and the other in October. In Eman catchment, the hy-
tation of results (Reader and Miller, 2014). Samples weredrograph also shows two peaks. The first was in January dur-
then titrated using a Mettler Toledo titrator according to the ing the winter peak precipitation season and the second in

Winkler method. July during an anomalous precipitation event, which caused
widespread flooding throughout the catchment. In Lyckeby,
2.2 Calculations flow peaked in the winter months, during the normal period

of high precipitation. Though the two southern catchments
CDOM was measured on a Beckman Coulter DU-800 specare relatively close to each other (separatec~bi40 km),
trophotometer in a 1 cm quartz cuvette using milli-Q water the summer months in Lyckeby did not experience the same
as a reference and a blank. The absorption coefficient waanomalous precipitation and instead were characterised by
calculated according to the equation low precipitation and consequently low flow.

a(h) = A*2.303/1, 3.2 DOC and CDOM

whereA is the measured absorbantés the path length of Dissolved organic carbon (DOC) was similar in the two
the cell in metres and 2.303 converts from decadal units tasouthern rivers (Table 2), while the mean concentration
Naperian units. Spectral slope was estimated using a nomf DOC in Ume river was lower (one-way ANOVAp <
linear regression routine in MATLAB, across 275-295nm 0.0001, F = 89.23). CDOM (measured ags7s) correlated
(i.e. S275-295), according to the calculations of Helms et strongly with DOC in all three rivers (Table 3). Monthly vari-
al. (2008) and was used as an indicator of the relative molecuability of DOC and CDOM showed two distinct peaks in
lar size of the DOM. Specific ultraviolet absorbance (SUVA, Ume river, one the month before the spring flood, and an-
m?g~1C), was calculated as the ratio between decadal abether during autumn peak flow in October. While the first

sorbance at 254 nm (M) and total organic carbon (mgt; peak in carbon appeared before the spring flood, it coincided
Weishaar et al., 2003). It is used as an indicator of the arowith the spring flood in the lower forested parts of the catch-
matic content of the DOC. ment. DOC was correlated not with flow on Ume river after

Monthly loadings were calculated by summing the total the confluence of the two subcatchments, but rather with flow
flow for the month and multiplying by the monthly mea- in the forested lower catchment (Table 3). The existence of
surements of DOC, CDOM, and BOD. Annual loadings are dams on the upper Ume river part of the catchment obscures
the sums of the 12 monthly loadings. To account for monthsthis relationship by changing the flow after the confluence
where there is missing data, a linear extrapolation betweemf the two parts of the catchment. Despite the influence of
the two bordering months was used to obtain a DOM value these dams on the flow on the river, widespread oligotroph-
and a monthly loading was obtained from that. This data wadcation of dammed water in Sweden means that these dams
used solely for the calculation of the yearly loading and notare not likely to be driving DOC concentrations (for exam-
the assessment of yearly patterns. An alternative method gble from autochthonous production) (Rydin et al., 2008). In
determining flow relationships with carbon variables (i.e. Q—Eman river, carbon characteristics (i.e. DOC and CDOM)
C relationships) was attempted. This method is often sucwere driven by flow in the spring and summer months, es-
cessfully employed in smaller catchments (Strohmeier et al.pecially during the July flooding event, but concentrations of
2013; Jollymore et al., 2012). When a valid Q—C relation- DOC and CDOM were steady throughout the winter peak
ship was obtained, the difference between loadings obtaineflow (December—February, Fig. 2). However, overall DOC
using the monthly average method and the Q—C method waw/as strongly correlated with flow in this river (Table 3).
between—3.5% and+3.8 %. However, valid Q—C relation- In Lyckeby river, flow was extremely low over the sum-
ships were not found for all rivers and all variables. Becausemer months, but both DOC and CDOM decreased slowly
the differences between the methods were small, the monthlgver the low flow period, reaching their minimum in October
average method was used for all rivers and variables to ensurand November, before rising again over the winter months
consistency. Pearson correlations were used to determine c@Fig. 2). Because of this, while DOC was still correlated with
variance of different organic matter characteristics and flow.flow in Lyckeby catchment, it was less significant than in the
All calculations were performed in Matlab. other two catchments (Table 3).

Biogeosciences, 11, 34038419 2014 www.biogeosciences.net/11/3409/2014/
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Figure 2. Dissolved organic carbon (left) and CDOk(s, right) for the three catchments. Red dots are organic matter characteristics, grey
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bars represent the daily flow on each river at the point of sampling.
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Figure 3. Biological oxygen demand (left) and percent of total dissolved organic carbon that is biologically reactive (i.£D80ODa-

tio -100, assuming an respiratory quotient of one) for the three rivers. Red dots are organic matter characteristics, grey bars represent the

daily flow on each river at the point of sampling.

3.3 DOM quality indicators

over the year was consistent and low (less than 5 %, Fig. 3b),

suggesting that the DOC in these rivers is largely refractory
_ o . on this timescale. In Ume river the fraction of DOC that was
Quality characteristics of the organic matter (spectral slopepjodegradable over the year was much more variable over the

SUVA2s4) can be found in Table 2. Neither spectral slope year, at times being as high as 15 % during the spring flood
nor SUVAps4 held any explanatory value when considering jn june, as well as in January.

DOC or BOD variability. The total range of BOD was simi-

lar across the three catchments (Table 2, Fig. 3a) with values.4 DOM loadings

ranging between 10 and 70 pmottO,. In Lyckeby, BOD

was significantly correlated to flow, while in the other two To assess the potential effect that the delivery of organic
catchments it was not (Table 3). However, BOD was clearlymatter has on the Baltic Sea ecosystem, loadings of car-
higher during the spring flood in Ume (Fig. 3a). BOD was not bon indicators were calculated. The total annual carbon yield
correlated to DOC in either Ume or Eman, but was weaklywas similar between the catchments (Table 4), with the low-
correlated in Lyckeby (Table 3). Despite the fact that the ab-est value in Ume catchment (3.43 g Cfiyear 1) and high-
solute values of BOD were in the same range for all threeest in Eman catchment (5.04 g CAyear1). CDOM yields
catchments (one-way ANOVAp = 0.9046, F =0.1), the  are relatively high and follow the same pattern with 4.86
fraction of DOC that is biodegradable (i.e. BOD to DOC ra- and 7.08year! for Ume and Emé&n catchments, respec-
tio, BOD/DOC) is~ 4 times higher in Ume river, than in the tively. Annual areal loadings of BOD show a different pat-
southern two rivers (Table 2, Fig. 3a; one-way ANOVA< tern, with similar values for Eméan and Lyckeby catchments
0.0001, F = 20.3). In the two southern rivers, BOIDOC (10.39 and 10.29 mmol£m—2year 1, respectively), while

www.biogeosciences.net/11/3409/2014/ Biogeosciences, 11, 340%-2014
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Table 2. Organic matter characteristics for the three catchments.

H. E. Reader et al.: Seasonal contribution of organic matter to the Baltic Sea

River DOC

S(275-295) SUVA254 BOD
(mean (range mean range mean range mean range mean (% of range (% of
mgL ) mgL™Y) mm Y (um (m?glc) mPglc) (umolL=10y)  (umolL=10y) total DOC)  total DOC)
Ume 5.00 2.10-9.23 1461  13.35-16.43 3.59 1.72-5.38 31.9 9.7-66.1 8.0 3.0-14.6
Eman 16.62 12.19-24.82 14.48 13.65-16.40 3.58 2.96-4.51 34.5 12.8-60.6 25 1.1-4.5
Lyckeby 18.72 15.20-22.82 13.71  12.97-14.26 3.94 3.47-4.31 35.1 10.5-66.5 2.2 0.7-3.9
Table 3. Correlation statistics for various catchment characteristics.
Relationship Ume Eman Lyckeby
r p r p r p
DOC —ag7s 0.85 <0.001 0.84 <0.001 0.90 <0.001
DOC - flow 0.31 0.33 0.86 <0.001 0.62 <0.05
BOD - flow 0.57 0.07 0.29 0.36 0.88 < 0.001
BOD - DOC 0.46 0.16 0.43 0.16 0.64 <0.05
DOC - Krycklan flow 0.71 < 0.05 N/A N/A N/A N/A
BOD — Krycklan flow  0.30 0.43 N/A N/A N/A N/A

Table 4.Areal annual loadings of organic matter for the three catch-

ments.
River DOC CDOM BOD
(gCm2yeard) (aa7s) (yearl) (mmolO,m2year?)
Ume 3.43 4.86 22.79
Eman 5.04 7.08 10.39
Lyckeby ~4.08 6.37 10.29

the total loading of BOD in Ume catchment is double that of
the southern catchments at 22.79 mmgh® 2 year 1.

Monthly loadings of DOC (Fig. 4a) show that carbon load-
ing is driven by flow for all of the rivers, as expected from the
variability of DOC concentrations over the year, and the cor
relation between DOC and flow (Table 3). While the flow
regime is clearly important also to the monthly loadings of
BOD, the coupling to the hydrograph is less tight than for
DOC (Fig. 4b). The spring flood peak in June in Ume deliv-
ers over 30 % of the year’s total BOD to the Baltic from that
catchment. In Lyckeby river catchment, BOD monthly load-
ings are directly driven by flow (Figs. 3, 4, and Table 3), be
cause of the extremely low flow through the summer months
In Eman river, catchment delivery of BOD to the Baltic has
a more flattened pattern over the year, despite the high var
ability in flow, with no month delivering more than 20 % of
the total annual loading of BOD to the Baltic.

4 Discussion

The Baltic Sea is a strongly terrestrially influenced system
and the riverine delivery of reactive DOM has the potential to

the region. The consumption of oxygen by microbial DOM
degradation can add to the oxygen consumption driven by
phytoplankton decay. While the delivery of DOM to the
Baltic from surrounding landmasses has been investigated
previously (Deutsch et al., 2012; Weyhenmeyer et al., 2012),
the loadings of reactive material have not been explicitly
studied before. Swedish rivers deliver DOM year round to the
Baltic, however the reactivity of that DOM is not necessarily
the same through the year and it is the delivery of reactive
material that has the primary impact on the marine environ-
ment. Thus, investigating the loadings of reactive material to
the Baltic Sea is an informative way to understand the impact
of riverine DOM on the Baltic Sea ecosystem. The south-
ern two catchments have similar DOC and BOD areal annual

loadings to the Baltic Sea, but have different monthly pat-
terns of loadings, due to differing flow hydrographs and pre-
cipitation in the catchments, particularly in summer. While
Lyckeby catchment experienced little rainfall and low flow
in the summer, Eman catchment experienced high summer
precipitation leading to flooding throughout the catchment in
July resulting in a more even delivery of reactive material
throughout the year. The northern catchment, with its colder

winters, experiences a strong spring flood, and DOC concen-

itrations correlate with flow in the lower forested parts of the

catchment, while BOD concentrations correlate better with
flow on the entire catchment. Additionally, the overall areal
annual loading of BOD is twice as high in the northern catch-
ment than in the southern catchments. Higher loading of re-
active material to the Bothnian Sea suggests that this region
is more influenced by the terrestrial system than the more
southern Baltic proper.

compound the already oxygen stressed conditions present in

Biogeosciences, 11, 3409419 2014
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Figure 4. Mean monthly loadings of dissolved organic carbon and biological oxygen demand, represented as a percent of the total annual
loading for each river.

4.1 Differences in reactivity between rivers and over atures lead to more labile DOM release from soils); this was
seasons attributed not directly to lowered metabolism during the win-
ter but rather frost-induced destruction of fine root structures
In the southern two rivers, the overall bioavailability, as a and cell lysis releasing labile organic matter upon thawing.
fraction of the total DOC, is low, with only- 2% of the DOC  These processes combined effectively store reactive DOM in
being bioavailable on this timescale in any given month. Thethe catchment until the spring melt (June in Ume river), when
moderate annual temperatures in these two catchments camarmer temperatures cause snow melt and large increases in
allow for substantial microbial processing along the tran-soil water and consequently discharge in the catchment.
sit to the river mouth, leading to low bioavailability at the
river mouth sampling point. In a similar study of three rivers 4.2 Loadings of total organic carbon vs. labile organic
in Finland, Asmala et al. (2013) also found relatively low carbon
bioavailability for a similar forested catchment (mean of
7.91 %), with a lack of seasonality much like in Eman and Loadings of DOC are often used to assess the impact of
Lyckeby. During the dry summer months in Lyckeby catch- terrestrial DOM on marine systems (Asmala et al., 2012;
ment, high residual DOC and CDOM concentrations in theStedmon et al., 2011; Algesten et al., 2006). However,
river despite low flow are suggestive of wetland draining the bioavailability of DOM varies by orders of magnitude
being the major source of water in the river, in those peri-(del Giorgio and Davis, 2003), making it hard to predict how
ods rather than overland flow and flow through superficialterrestrial DOM affects the receiving system. For the Baltic
soil layers that are more likely during precipitation events Sea, bacterial degradation of terrestrial DOM is estimated to
(Bishop et al., 1993). consume in excess of one million tonnes of dissolved®
The differences between these southern rivers and thaually (Helcom, 2004). Yet, little is known about the envi-
northern river, Ume river, are clear from the annual arealronmental and seasonal controls of DOM reactivity, which
loadings of DOM (Table 3). While DOC areal loadings are makes it hard to predict how DOM-driven,@onsumption
similar for all three rivers, the loading of BOD is twice and CQ release will respond to environmental change. Gen-
as high in the northern river as in the southern two rivers.erally, loadings of DOC in the studied rivers are driven by
This is despite the fact that the DOC concentrations in Umeriver flow, with the exception of May and June in Ume river,
river are considerably lower, and reflects the higher range ofvhere the lower forested areas experience a spring flood with
BOD/DOC,; i.e. the bioavailability of the DOC. high DOC the month before the highest flow on the entire
The mean annual temperature 1°C, Table 1), and sig- river, leading to higher loadings a month earlier than peak
nificantly, the mean winter temperature X0°C) in Ume  flow. While BOD loadings are influenced by flow, the gen-
river are lower than in the southern two catchments(C eral pattern followed by DOC is not seen in the BOD load-
mean annual andg 0°C mean winter, Table 1). The low win- ings, except in Lyckeby catchment, where the flow regime
ter temperatures can be a driver for winter preservation of orwas extremely low in the summer months. In the other two
ganic matter in the catchment, through lowering of metabolicrivers, the BOD loading regime was more complicated than
rates during cold winter months and lower flow rates onDOC. In Ume river the difference between DOC and BOD
rivers and through soils. Additionally, Haei et al. (2012) is most striking in how the vast majority of BOD loading oc-
showed that bioavailability of DOM increased with increas- curs in June, and while there is an increase in DOC loading
ing soil frost conditions in winter (i.e. lower winter temper- in the fall, the BOD does not experience the same increase.
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The difference in absolute reactivity especially in the north-4.3 Climate and future loadings
ern catchment means that reactivity loadings can differ con-
siderably from the DOC loadings. Thus it is important to con- In the future, northern Europe and especially Scandinavia is
sider the reactivity loadings when examining the present anéXxpected to experience warmer and wetter weather. Sweden
future impact of DOM on coastal systems. is predicted to see a large increase in rainfall (on the order of
In Ume river, the winter storage and flushing of reactive 21 % year round) and warmer winters (Meier, 2006). While
DOM during the spring flood is further supported by the all three catchments are expected to experience an increase in
loadings of BOD over the year. Looking at the loadings for Precipitation year round, the seasonal pattern of this precip-
the two spring flood months (May and June for the lower itation is expected to differ between the northern catchment
and upper parts of Ume river catchment respective|y), it Carﬁnd the southern catchments. In Ume river, the increase in
be seen that almost 40% of the annual DOC loading and)recipitation is expected to be similar year round, while in
roughly 50 % of the total BOD loading to the northern Baltic the southern two catchments, the increase in precipitation is
occurs at that time, while the rest of the months are rela-expected to be twice as high in the winter and spring months
tively insignificant. This striking pattern is driven by the large as during the rest of the year (Swedish Meteorological and
spring flood on the river, but also by increasing DOC and Hydrological Institute Climate Predictioris;l;tp://www.smhi.
bioavailability at that time (i.e. synchronicity of these two Se/klimatdata/klimatscenarier/Framtidens-klijnah Eméan
organic matter characteristics and flow). This large pulse oftatchment, the anomalous precipitation event in July, which
organic matter into the northern Balltic (i.e. Bothnian Sea) oc-led to widespread flooding in the catchment and an increase
curs at a time when the coastal waters are also beginning t# flow on the river for that month effectively “flattened”
warm, meaning that the microbial community in the coastalthe hydrograph for that year. This was in stark contrast to
Bothnian Sea is able to take advantage of this, potentiallythe other southern river system, Lyckeby, which experienced
shifting to a heterotrophic system. Indeed, the increasingvery little precipitation in the summer months and a more
freshwater input to the northern Baltic Sea has been showitiypical hydrograph dominated by winter precipitation. Future
to shift the ecosystem to net heterotrophy (Wikner and An-scenarios in this region suggest that the typical hydrograph
dersson, 2012). Many coastal systems and estuaries are ha¥ill retain the general shape of the Lyckeby hydrograph,
erotrophic in nature, on a seasonal level (Cai, 2011), and thi®ut with more extreme flow in winter and spring rather than
appears to be the case in the Bothnian Sea as well (AlgestelSt winter. The strong increase in flow will span a longer
etal., 2004), likely due to such a large pulse of labile materialSeasonal extent than currently seen and this could lead to a
in a short period of time. more “flattened” hydrographic shape in general. There are
Loadings of DOM (both DOC and BOD) are driven also indications that extreme flooding events will become
largely by flow in Lyckeby river, which experienced a dry more common in the future, and that the total excursion from
summer and moderate precipitation in the winter. Similarly, mean flow will be greater. If increased precipitation and ex-
but less extreme than in Ume river, Lyckeby river experiencesreme events are to be expected in this region, it is likely that
nearly 40 % of BOD loading to the Baltic proper during the the delivery of both DOC and especially BOD will also be-
high flow month of January, with no other month providing come more constant throughout the year, as seen in the rela-
more than 20% of the year's loading. While the mean an-tively steady loadings of BOD from Emén catchment over
nual temperature here is abov&@ January remains one this year. Additionally, Weyhenmeyer et al. (2012), found
of the coldest months of the year (mean winter temperaturdhat increased precipitation leads to lower water residence
0.17°C), and as such, microbial activity in the coastal oceantimes in the catchment, and lowered the decay of organic car-
is likely to be slower, leading to slow processing of the la- bon oniits transit to the sea. If so, there is potential for the net
bile fraction of organic matter when it does reach the Baltic delivery of DOC and BOD to be higher at river mouths in
proper and consequently export of labile organic matter fur-the future, in addition to more steady loadings year-round.
ther out from the coastal zone. If labile organic matter is mi- Increased loadings and more even patterns of organic mat-
crobially processed at a slower rate during the large pulse irier input into the Baltic Sea in the future are likely to in-
January, then it is less likely for this DOM to change the ten-crease the oxygen stress on the environment. Over the past
dency of the Baltic proper from autotrophy, than it is in the 100 years, hypoxic and anoxic conditions in the Baltic Sea
more northern Bothnian Sea. have been increasing both in the coastal zone and the open
The Eméan catchment, which experienced an anomalou&egions (Carstensen etal., 2014; Conley etal., 2011). Though
flooding event in July, shows less variability in the loadings inputs of nitrogen and phosphorus based nutrients have been
over the year than either of the two other rivers, and while therégulated throughout much of the region, the increased and
loadings of DOC are driven by flow, the loadings of BOD more constant input of DOC (and BOD) from rivers has the
are more evenly distributed across the months. In fact, ndPotential to counteract these reductions (Carstensen et al.,
one month delivers more than 25 % of the total DOC and no2014), and contribute to increasing hypoxic conditions in the
month delivers more than 20 % of the total BOD for the year. Baltic Sea in the future.
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