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Abstract

To examine the potential influence of terrestrially derived DOM on the Baltic Sea,
a year-long study of dissolved organic matter (DOM) was performed in three river
catchments in Sweden. One catchment drains into the Bothnian Sea, while two south-
ern catchments drain into the Baltic Proper. Dissolved organic carbon (DOC) concen-
trations were positively correlated with discharge from forested catchments over the
year and while the overall concentrations of DOC were several times higher in the
southern two catchments, annual loading of DOC was on the same order for all three
catchments, due to differences in discharge. Biological oxygen demand (BOD) was
used as a proxy for the lability of carbon in the system. The range of BOD values was
similar for all three catchments, however, the ratio of BOD to DOC (an indication of the
labile fraction) in Ume &lv was four times higher than in the southern two catchments.
Total annual BOD loading to the Baltic Sea was twice as high in the northern catch-
ment. Lower winter temperatures and preservation of organic matter in the northern
catchment combined with an intense spring flood help to explain the higher concentra-
tions of labile carbon in the northern catchment. Lower lability of DOM as well as higher
colour in the southern catchments suggest that wetlands (i.e. peat bogs) may be the
dominant source of DOM in these catchments, particularly in periods of low flow. With
climate change expected to increase precipitation events and temperatures across the
region, the supply and quality of DOM delivered to the Baltic Sea can also be expected
to change. Our results indicate that DOM supply will be more stable throughout the
year, and potentially have a lower bioavailability.

1 Introduction

In the boreal regions freshwater dissolved organic matter (DOM) concentrations are in-
creasing. This widespread phenomenon of increasing dissolved organic carbon (DOC)
and as well water colour, or chromophoric dissolved organic matter (CDOM), is at-
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tributed to higher concentrations of terrestrially derived DOM, and has been observed
in Scandinavia (De Wit et al., 2007; Erlandsson et al., 2008), Canada (Monteith et al.,
2007) and the UK (Evans, 2005) as well as other countries (Hruska et al., 2009). In-
creasing DOM and water colour have profound effects on the ecosystem, changing
the aquatic light environment and increasing the supply of allochthonous substrates
for the planktonic communities. Several factors have been suggested as drivers of this
increasing organic matter trend, from decreasing acidification (Evans et al., 2012; Mon-
teith et al., 2007) changing hydrology and warming climates (Evans, 2005) to increas-
ing ionic strength in soils (Hruska et al., 2009) and changes in land-use (Garnett et al.,
2000). The specific processes behind these trends are likely to at least partially vary
regionally (Oni et al., 2013).

A large amount of this terrestrially derived DOM is actively cycled in the freshwa-
ter systems (i.e. lakes and rivers), and many of these systems are net heterotrophic,
acting as sinks of DOM and sources of CO, (Cole et al., 2007). Despite this active
cycling, a significant fraction of this DOM, up to 50 % of the input or ~ 0.9 Pg Cyr‘1
(Cole et al., 2007; Tranvik et al., 2009; Battin et al., 2009), is subsequently transported
to the coastal ocean and there continues to be degraded by marine microbial commu-
nities. While terrestrial DOM has historically been considered as refractory to aquatic
microbes (Nagata, 2008), it is now recognized that it consists of a continuum of reac-
tive components (Nagata, 2008; Koehler et al., 2012). In the 1970’s it was established
that DOM could play a significant role in fueling microbial food webs in the coastal
ocean (Pomeroy, 1974), and more recently, it has been shown that the zooplankton
community is also capable of using allochthonous carbon sources as effective energy
sources (Rolff and Elmgren, 2000). Microbial degradation of terrestrially derived DOM
has been suggested as a compounding factor in the Gulf of Mexico dead zone, in-
creasing hypoxia in the coastal zone contributing to elevated oxygen consumption and
eventual depletion (Dagg et al., 2008). This process is also likely to occur in other
hypoxic basins such as the Baltic Sea, where increasing terrestrial DOM input into
the system may exacerbate of hypoxic conditions, particularly in the northern regions,
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where increasing freshwater input has already been shown to be driving an ecosystem
shift from net autotrophy to net heterotrophy (Wikner and Andersson, 2012).

The reactivity of DOM is controlled by its chemical characteristics, 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. CDOM) absorption
spectrum can be used as an indicator of carbon quality, specifically, the slope of the
spectrum in the ultraviolet (i.e. 275-295 nm) has been shown to be an indicator of the
molecular size of DOM (Helms et al., 2008). This can be a useful indicator of DOM qual-
ity as larger molecules are often thought to be more biologically reactive (Amon and
Benner, 1996, 1994). In addition, the carbon specific ultraviolet absorption (SUVA,s,)
is an indicator of the aromatic character of the DOM, with a higher SUVA,5, value in-
dicating that the DOM has a higher aromatic content (Weishaar et al., 2003), and is
likely to be less biologically available (Perdue, 1998). The drawback of these quality
indicators is that they characterise only a fraction of the DOM pool. To assess the ac-
tual effect of DOM on oxygen conditions, microbial assays such as simple biological
oxygen demand (BOD) incubations can be used to determine the bulk reactivity of the
DOM with respect to the microbial community. While there is a range of efficiencies
with which the microbial community can access DOM (i.e. respiratory quotient RQ,
Berggren et al., 2012), for the most part these boreal freshwater RQs fall within a rela-
tively small range (0.5-2) and as such BOD can be used as an effective proxy for the
biological reactivity or lability of the DOM (Miller et al., 2002; Asmala et al., 2013).

An extensive system of water quality and water flow monitoring exists in Sweden,
making it possible to observe how flow (Erlandsson et al., 2008) and organic matter
quality indicators (Kritzberg and Ekstrom, 2012) have changed over time. However,
dynamics of biological reactivity require different assessments, such as BOD, which
are more time consuming and therefore rarely incorporated into long-term monitoring
programs. In this paper we present a year-long study of the DOM in three Swedish
rivers flowing into the Baltic Sea. The Baltic Sea is a semi-enclosed basin which is
heavily influenced by runoff from the surrounding terrestrial regions. In addition to hav-
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ing a freshening effect on the Baltic, the many rivers flowing into the Baltic Sea input
a large amount of nutrients, making the Baltic Sea the world’s largest hypoxic basin,
with permanent anoxia in deep bottom waters, as well as periodic hypoxia shallower
coastal regions (Conley et al., 2011). The rivers flowing into the Baltic also supply or-
ganic matter and as a consequence up to 86 % of the DOM in the Baltic Sea is thought
to be terrestrially derived (Alling et al., 2008; Deutsch et al., 2012). The reactivity of
this terrestrial DOM is poorly understood and as a result little is known about its con-
tribution to hypoxic conditions in the Baltic Sea. In this study we assess the reactivity
of terrestrial DOM supplied by three contrasting Swedish rivers, occupying distinct cli-
matic zones. The aim is to identify variables that influence the delivery of reactive DOM
to the Baltic Sea and can contribute to coastal hypoxia.

2 Methods
2.1 Sampling and measurements

A year-long study of riverine organic matter was undertaken at 3 catchments in Swe-
den (Fig. 1, Table 1). The Ume river catchment is covered by 7 % peatlands and 42 %
forest, and occupies a subarctic zone, with winter temperatures below freezing. Ume
catchment can be roughly divided into subcatchments, Upper Ume and Vindeln. The
sampling site for Ume (Fig. 1, Table 1) is downstream of the confluence of the two ma-
jor subcatchments. Upper Ume is highly regulated with several hydro dams along its
length, while Vindeln is unregulated and more forested. Ume river is the most north-
ern catchment and flows into the Bothnian Sea. The Eman and Lyckeby rivers occupy
a more temperate climate zone with mean winter temperatures around 0°C, and 69 %
and 72 % forest cover, respectively, as well as lower peatland cover, 1% and 2 % re-
spectively. Both Eman and Lyckeby rivers drain into the Baltic Proper.

Monthly samples of river water were collected in 2 L polycarbonate bottles (Nalgene)
and were stored on ice in the dark until return to the laboratory (< 8 h). Upon return
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to the laboratory, samples for DOC and CDOM measurements were pre-filtered using
ashed (450°C, 4 h) GF/F filters (Whatman), and then filtered through 0.2 um polycar-
bonate filters (Millipore). DOC was measured on a Shimadzu TOC V-CPN in TC mode.
The instrument was calibrated daily with a Na,CO4 for IC analysis and potassium hy-
drogen phthalate for TC analysis. CDOM absorbance was measured in a 1 cm quartz
cell on a Beckman Coulter D800 from 200 nm to 800 nm.

Biodegradable dissolved organic carbon was assessed as two-week biological oxy-
gen demand measurements (BOD). Samples were filtered through ashed GF/F filters
directly into 60 mL Winkler bottles which were sealed without headspace. Three bot-
tles were fixed immediately with Winkler reagents, and three more were incubated in
the dark at 20.5°C for two weeks. Samples were then titrated using a Mettler—Toledo
titrator according to the Winkler method.

Flow data for the sampling period was obtained from the Swedish Meteorological and
Hydrological Institute’s Vattenweb (SMHI, www.smhi.se/vattenweb), who operate flow
meters at the points of sampling. Flow data for Krycklan catchment (a low altitude sub-
catchment of Vindeln catchment) was obtained from The Krycklan Catchment Study
(Laudon et al., 2013). Catchment areas and land cover data were obtained from the
Swedish Statistical Board (http://www.scb.se). Climate data was obtained from SMHI
(http://www.smhi.se/klimatdata).

2.2 Calculations

CDOM was measured on a Beckman Coulter DU-800 spectrophotometer in a 1cm
quartz cuvette using milli-Q water as a reference and a blank. The absorption co-
efficient was calculated according to the equation a(1) = A-2.303//, where A is the
measured absorbance, / is the pathlength of the cell in meters and 2.303 converts
from decadal units to Naperian units. Spectral slope was estimated using a non-linear
regression routine in MATLAB, across 275-295 nm (i.e., S,75_595), according to the cal-
culations of Helms et al. (2008) and was used as an indicator of the relative molecular
size of the DOM. Specific ultraviolet absorbance (SUVA, m? g'1 C), was calculated
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as the ratio between decadal absorbance at 254 nm (m‘1) and total organic carbon
(mg L™'; Weishaar et al., 2003). It is used as an indicator of the aromatic content of the
DOC.

Monthly loadings were calculated by summing the total flow for the month and mul-
tiplying by the monthly measurements of DOC, CDOM, and BOD. Annual loadings
are the sums of the 12 monthly loadings. To account for months where there is miss-
ing data, a linear extrapolation between the two bordering months was used to obtain
a DOM value, and a monthly loading was obtained from that. This data was used solely
for the calculation of the yearly loading and not the assessment of yearly patterns.
Pearson correlations were used to determine co-variance of different organic matter
characteristics and flow. All calculations were performed in Matlab.

3 Results
3.1 Hydrographs

Ume catchment is the largest of the three study sites, and the flow was an order of
magnitude higher than in either of the two southern catchments. The hydrograph (grey
bars, Figs. 2 and 3) has two distinct peaks, one in June during the spring flood, and
the other in October. In Eman catchment, the hydrograph also shows two peaks. The
first was in January during the winter peak precipitation season and the second in July
during an anomalous precipitation event, which caused widespread flooding through-
out the catchment. In Lyckeby, flow peaked in the winter months, during the normal
period of high precipitation. The summer months in Lyckeby were characterised by low
precipitation and consequently low flow.
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3.2 DOC and CDOM

Dissolved organic carbon (DOC) was similar in the two southern rivers (Table 2), while
the mean concentration of DOC in Ume river was lower. CDOM (measured as as;s)
correlated strongly with DOC in all three rivers (Table 3). Monthly variability of DOC
and CDOM showed two distinct peaks in Ume river, one the month before the spring
flood, and another during autumn peak flow in October. While the first peak in car-
bon appeared before the spring flood, it coincided with the spring flood in the lower
forested parts of the catchment. DOC was correlated not with flow on Ume river af-
ter the confluence of the two subcatchments, but rather with flow in the forested lower
catchment (Table 3). In Eman river, carbon characteristics (i.e. DOC and CDOM) were
driven by flow in the spring and summer months, especially during the July flooding
event, but concentrations of DOC and CDOM were steady throughout the winter peak
flow (December—February, Fig. 2). However, overall DOC was strongly correlated with
flow in this river (Table 3). In Lyckeby river, flow was extremely low over the summer
months, but both DOC and CDOM decreased slowly over the low flow period, reaching
their minimum in October and November, before rising again over the winter months
(Fig. 2). Because of this, while DOC was still correlated with flow in Lyckeby catchment,
it was less significant than in the other two catchments (Table 3).

3.3 DOM quality indicators

Quality characteristics of the organic matter (spectral slope, SUVA,5,) can be found
in Table 2. Neither spectral slope nor SUVA,5, held any explanatory value when con-
sidering DOC or BOD variability. The total range of BOD was similar across the three
catchments (Table 2, Fig. 3a) with values ranging between 10 and 70 umoIL_1 O,. In
Lyckeby, BOD was significantly correlated to flow, while in the other two catchments
it was not (Table 3). However, BOD was clearly higher during the spring flood in Ume
(Fig. 3a). BOD was not correlated to DOC in either Ume or Eman, but was weakly
correlated in Lyckeby (Table 3). Despite the fact that the absolute values of BOD were
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in the same range for all three catchments (one-way ANOVA, p = 0.9046, F = 0.1), the
fraction of DOC that is biodegradable (i.e. BOD to DOC ratio, BOD/DOC) is ~ 4 times
higher in Ume river, than in the southern two rivers (Table 2, Fig. 3a; one-way ANOVA,
p < 0.0001, F = 20.3). In the two southern rivers, BOD/DOC over the year was consis-
tent and low (less than 5 %, Fig. 3b), suggesting that the DOC in these rivers is largely
refractory on this time scale. In Ume river the fraction of DOC that was biodegradable
over the year was much more variable over the year, at times being as high as 15%
during the spring flood in June, as well as in January.

3.4 DOM loadings

To assess the potential effect that the delivery of organic matter has on the Baltic Sea
ecosystem, loadings of carbon indicators were calculated. The total annual carbon yield
was similar between the catchments (Table 4), with the lowest value in Ume catch-
ment (3.4390m‘2yr‘1) and highest in Eman catchment (5.04ng‘2yr'1). CDOM
yields are relatively high and follow the same pattern with 4.86yr'1 and 7.08yr‘1
for Ume and Eman catchments, respectively. Annual areal loadings of BOD show
a different pattern, with similar values for Eman and Lyckeby catchments (10.39 and
10.29 mmol O, m'zyr'1, respectively), while the total loading of BOD in Ume catch-
ment is double that of the southern catchments at 22.79 mmol O, m~2 yr‘1.

Monthly loadings of DOC (Fig. 4a) show that carbon loading is driven by flow for all of
the rivers, as expected from the variability of DOC concentrations over the year, and the
correlation 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 delivers over 30 % of the year’s
total BOD to the Baltic from that catchment. In Lyckeby river catchment, BOD monthly
loadings are directly driven by flow (Figs. 3 and 4, Table 3), because 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 variability in flow, with
no month delivering more than 20 % of the total annual loading of BOD to the Baltic.
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4 Discussion

The Baltic Sea is a strongly terrestrially influenced system and the riverine delivery
of reactive DOM has the potential to exacerbate already oxygen stressed conditions
through the consumption of oxygen by microbial DOM degradation. While the delivery
of DOM to the Baltic from surrounding landmasses has been investigated in the past
(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
environment. 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 ecosys-
tem. The southern two catchments have similar DOC and BOD areal annual loadings
to the Baltic Sea, but have different monthly patterns of loadings, due to differing flow
hydrographs and precipitation in the catchments, particularly in summer. While Lyckeby
catchment experienced little rainfall and low flow in the summer, Eman catchment expe-
rienced high summer precipitation leading to flooding throughout the catchment in July
resulting in a more even delivery of reactive material throughout the year. The north-
ern catchment, with its colder winters, experiences a strong spring flood, and DOC
concentrations 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 catchment than
in the southern catchments. Higher loading of reactive material to the Bothnian Sea
suggests that this region is more influenced by the terrestrial system than the more
southern Baltic Proper.

4.1 Differences in reactivity between rivers and over seasons

In the southern two rivers, the overall bioavailability, as a fraction of the total DOC,
is low, with only ~ 2 % of the DOC being bioavailable on this time scale in any given
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month. The moderate annual temperatures in these two catchments can allow for sub-
stantial microbial processing along the transit to the river mouth, leading to low bioavail-
ability at the river mouth sampling point. In a similar study of three rivers in Finland,
Asmala et al. (2013) also found relatively low bioavailability for a similar forested catch-
ment (mean of 7.91 %), with a lack of seasonality much like in Eman and Lyckeby.
During the dry summer months in Lyckeby catchment, high residual DOC and CDOM
concentrations in the river despite low flow are suggestive of wetland draining being the
major source of water in the river, in those periods rather than overland flow and flow
through superficial soil layers that are more likely during precipitation events (Bishop
et al., 1993).

The differences between these southern rivers and the northern river, Ume alv, are
clear from the annual areal loadings of DOM (Table 3). While DOC areal loadings are
similar for all three rivers, the loading of BOD is twice as high in the northern river
as in the southern two rivers. This is despite the fact that the DOC concentrations in
Ume &lv are considerably lower, and reflects the higher range of BOD/DOGC; i.e. the
bioavailability of the DOC.

The mean annual temperature (~ 1°C, Table 1), and significantly, the mean winter
temperature (—10°C) in Ume alv are lower than in the southern two catchments (~ 7°C
annual and ~ 0°C winter, Table 1). The low winter temperatures can be a driver for win-
ter preservation of organic matter in the catchment, through lowering of metabolic rates
during cold winter months and lower flow rates on rivers and through soils. Addition-
ally, Haei et al. (2012) showed that bioavailability of DOM increased with increasing
soil frost conditions in winter (i.e. lower winter temperatures lead to more labile DOM
release from soils); this was attributed not directly to lowered metabolism during the
winter but rather frost-induced destruction of fine root structures and cell lysis releas-
ing labile organic matter upon thawing. These processes combined effectively store
reactive DOM in the catchment until the spring melt (June in Ume &lv), when warmer
temperatures cause snow melt and large increases in soil water and consequently
discharge in the catchment.
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4.2 Loadings of total organic carbon vs. labile organic carbon

Loadings of DOC are often used to assess the impact of terrestrial DOM on marine
systems (Asmala et al., 2012; Stedmon et al., 2011; Algesten et al., 2006): however,
the bioavailability of DOM varies by orders of magnitude (del Giorgio and Davis, 2003),
making it hard to predict how terrestrial DOM affects the receiving system. For the
Baltic Sea, bacterial degradation of terrestrial DOM is estimated to consume in ex-
cess of one million tonnes of dissolved O, annually (Helcom, 2004). Yet, little is known
about the environmental and seasonal controls of DOM reactivity, which makes it hard
to predict how DOM-driven O, consumption and CO, release will respond to environ-
mental change. Generally, loadings of DOC in the studied rivers are driven by flow on
the rivers, with the exception of May and June in Ume &lv, where the lower forested
areas experience a spring flood with high DOC the month before the highest flow on
the entire river, leading to higher loadings a month earlier than peak flow. While BOD
loadings are influenced by flow, the general pattern followed by DOC is not seen in the
BOD loadings, except in Lyckeby catchment, where the flow regime was extremely low
in the summer months. In the other two rivers, the BOD loading regime was more com-
plicated than DOC. In Ume élv the difference between DOC and BOD is most striking
in how the vast majority of BOD loading occurs in June, and while there is an increase
in DOC loading in the fall, the BOD does not experience the same increase. The differ-
ence in absolute reactivity especially in the northern catchment means that reactivity
loadings can differ considerably from the DOC loadings. Thus it is important to con-
sider the reactivity loadings when examining the present and future impact of DOM on
coastal systems.

In Ume Alv, the winter storage and flushing of reactive DOM during the spring flood
is further supported by the loadings of BOD over the year. Looking at the loadings for
the two spring flood months (May and June for the lower and upper parts of Ume &lv
catchment respectively), it can be seen that almost 40 % of the annual DOC loading
and roughly 50 % of the total BOD loading to the northern Baltic occurs at that time,
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while the rest of the months are relatively insignificant. This striking pattern is driven
by the large spring flood on the river, but also by increasing DOC and biovailability at
that time, i.e. synchronicity of these two organic matter characteristics and flow. This
large pulse of organic matter into the northern Baltic (i.e. Bothnian Sea) occurs at
a time when the coastal waters are also beginning to warm, meaning that the microbial
community in the coastal Bothnian Sea is able to take advantage of this, potentially
shifting to a heterotrophic system. Indeed, the increasing freshwater input to the north-
ern Baltic Sea has been shown to shift the ecosystem to net heterotrophy (Wikner and
Andersson, 2012). Many coastal systems and estuaries are heterotrophic in nature, on
a seasonal level (Cai, 2011), and this is appears to be the case in the Bothnian Sea as
well (Algesten et al., 2004), likely due to such a large pulse of labile material in a short
period of time.

Loadings of DOM (both DOC and BOD) are driven largely by flow in Lyckeby river,
which experienced a dry summer and moderate precipitation in the winter. Similarly, but
less extreme than in Ume &lv, Lyckeby river experiences nearly 40 % of BOD loading to
the Baltic Proper during the high flow month of January, with no other month providing
more than 20 % of the year’s loading. While the mean annual temperature here is above
0°C, January remains one of the coldest months of the year (mean winter temperature
0.17°C), and as such, microbial activity in the coastal ocean is likely to be slower,
leading to slow processing of the labile fraction of organic matter when it does reach
the Baltic Proper and consequently export of labile organic matter further out from the
coastal zone. If labile organic matter is microbially processed at a slower rate during
the large pulse in January, then it is less likely for this DOM to change the tendency of
the Baltic Proper from autotrophy, than it is in the more northern Bothnian Sea.

The Eman catchment, which experienced an anomalous flooding event in July,
shows less variability in the loadings over the year than either of the two other rivers,
and while the loadings of DOC are driven by flow, the loadings of BOD are more evenly
distributed across the months. In fact, no one month delivers more than 25 % of the
total DOC and no month delivers more than 20 % of the total BOD for the year.
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4.3 Climate and future loadings

In the future, northern Europe and especially Scandinavia is expected to see warmer
and wetter weather. Sweden is predicted to see a large increase in rainfall (on the
order of 21 % year round) and warmer winters (Meier, 2006). While all three catch-
ments are expected to experience increase precipitation year round, the seasonal pat-
tern of this precipitation is expected to differ between the northern catchment and the
southern catchments. In Ume alv, the increase in precipitation is expected to be sim-
ilar year round, while in the southern two catchments, the increase in precipitation is
expected to be twice as high in the winter and spring months as during the rest of
the year (Swedish Meteorological and Hydrological Institute Climate Predictions, http:
//www.smhi.se/klimatdata/klimatscenarier/Framtidens-klimat). In Eman catchment, the
anomalous precipitation event in July, which led to widespread flooding in the catch-
ment and an increase in flow on the river for that month effectively “flattened” the hy-
drograph for that year. This was in stark contrast to the other southern river system,
Lyckeby, which experienced very little precipitation in the summer months and a more
typical hydrograph dominated by winter precipitation. Future scenarios in this region
suggest that the typical hydrograph will retain the general shape of the Lyckeby hy-
drograph, but with more extreme flow in winter and spring rather than just winter. The
strong increase in flow will span a longer seasonal extent than currently seen and this
could lead to a more “flattened” hydrographic shape in general. There are also indica-
tions that extreme flooding events will become more common in the future, and that
the total excursion from mean flow will be greater. If increased precipitation and ex-
treme events are to be expected in this region, it is likely that the delivery of both DOC
and especially BOD will also become more constant throughout the year, as seen in
the relatively steady loadings of BOD from Eman catchment over this year. Additionally,
Weyhenmeyer et al. (2012), found that increased precipitation leads to lower water res-
idence times in the catchment, and lowered the decay of organic carbon on its transit

1368

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
] >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/11/1355/2014/bgd-11-1355-2014-print.pdf
http://www.biogeosciences-discuss.net/11/1355/2014/bgd-11-1355-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.smhi.se/klimatdata/klimatscenarier/Framtidens-klimat
http://www.smhi.se/klimatdata/klimatscenarier/Framtidens-klimat
http://www.smhi.se/klimatdata/klimatscenarier/Framtidens-klimat

10

15

20

25

to the sea. If so, there is potential for the net delivery of DOC and BOD to be higher at
river mouths in the future, in addition to more steady loadings year-round.

In the north, where the preservation of organic matter through the winter months
helps to create a large springtime pulse of BOD to the Bothnian Sea, warming winters
and increased precipitation across all seasons are likely to have a more drastic effect
on catchment dynamics than in the south. Warmer mean winter temperatures, and re-
duced frost depth and duration (Haei et al., 2012) will lessen the preservation effect
that is currently seen in the north. As the mean annual temperatures rise and become
more like the southern catchments, it is likely that the overall reactivity of organic matter
from the catchment will be lowered as well. More constant input of labile organic matter
may increase heterotrophy in the system year-round, compounding the freshwater dis-
charge driven shift to heterotrophy already seen in this region (Wikner and Andersson,
2012).

5 Conclusions

Examining the biological reactivity of DOM and loadings of this reactive material from
rivers offers insight into how seasonal and geographical characteristics of the terres-
trial system can affect the marine ecosystem. The southern two catchments, while
delivering similar amounts of DOC and BOD annually to the Baltic Sea, show drasti-
cally different patterns of loadings throughout the year, illustrating the importance of
local hydrography and episodic precipitation events on the DOM dynamics in catch-
ments. The northern catchment, with its colder winters, shows the influence of organic
matter preservation and a strong spring flood on the DOC in northern rivers. The two-
part spring flood due to melt in lower and higher altitudes of the catchment shows that
peaks in DOC loading and BOD loading do not necessarily occur at the same time,
underlining the importance of examining the reactivity of DOC to truly understand the
influence of the terrestrial system on marine environments. The higher delivery of re-
active material to the Bothnian Sea suggests that this region is highly influenced by the
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terrestrial system. With climate change leading to increased precipitation and warmer
winter conditions in the north, the dominance of the strong spring peak of DOM deliv-
ery in Ume may give way to less intense seasonal patterns and lower overall reactivity
delivery to the Bothnian Sea. Similarly, the seasonal changes in precipitation patterns
expected in the southern catchments suggest that the dominance of winter delivery of
reactive DOM to the Baltic Proper from rivers like Lyckeby is likely to shift towards more
even patterns of DOM loading to the Baltic such as seen in Eman catchment. In the
future an understanding of both the reactivity of organic matter as well as flow patterns
will be necessary to understand the effect of terrestrial organic matter inputs on marine
systems.
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Table 1. Catchment characteristics. Average annual temperatures are calculated from 200—
2010, average annual precipitation is calculated from 1992-2002 for Lyckeby, 1998—2008 for
upper Ume, and 2000-2010 for lower Ume and Eman.

River Latitude Longitude Area % % % % % % Mean Winter Mean ppt
(km2) forest pasture crop peat water other temp (°C) temp (°C) (mm)
Ume 63.82 20.26 26815 42 <1 <1 1 8 49  Upper/lower  Upper/lower  Upper/lower
0.98/1.74 -10.47/-9.80 843/610
Eman 57.14 16.47 4471 69 5 8 2 6 10 7.07 -1.30 624
Lyckeby  56.08 15.59 810 72 5 3 7 4 9 7.74 0.17 694
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Table 2. Organic matter characteristics for the three catchments.

River S\o75-205) S(275-205) SUVA,;,  SUVA,, BOD BOD BOD (% of BOD (% of
mean range mean range mean range total DOC) total DOC)
(um") (pm“) (ng'1 C) (m2 g'1 C) (umol L™ 0O,) (pmol L™’ 0,) mean range

Ume 14.61 13.35-16.43 3.59 1.72-5.38 31.9 9.7-66.1 8.0 3.0-14.6

Eman 14.48 13.65-16.40 3.58 2.96-4.51 34.5 12.8-60.6 2.5 1.1-4.5

Lyckeby  13.71 12.97-14.26 3.94 3.47-4.31 35.1 10.5-66.5 2.2 0.7-3.9
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Table 3. Correlation statistics for various catchment characteristics.

Relationship Ume Eman Lyckeby

r o r o r p
DOC-as;5 0.85 <0.001 0.84 <0.001 0.90 <0.001
DOC—flow 0.31 0.33 086 <0.001 062 <0.05
BOD-flow 057 007 029 036 0.88 <0.001
BOD-DOC 0.46 016 043 0.16 064 <0.05
DOC—Krycklan flow 0.71  <0.05 N/A N/A N/A N/A
BOD—Krycklan fow 0.30  0.43 N/A N/A N/A N/A

1377

Jaded uoissnosiq

| Jadeq uoissnosiqg | Jaded uoissnasiq

Jaded uoissnosiq

BGD
11, 1355-1382, 2014

Seasonal
contribution of
organic matter to the
Baltic Sea

H. E. Reader et al.

(8
] (=)



http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/11/1355/2014/bgd-11-1355-2014-print.pdf
http://www.biogeosciences-discuss.net/11/1355/2014/bgd-11-1355-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

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

River DOC CDOM BOD
@Cm2yr)  (ags) (yr)  (mmolO;m~2yr )
Ume 3.43 4.86 22.79
Eman 5.04 7.08 10.39
Lyckeby 4.08 6.37 10.29
1378

Jaded uoissnosiq

| Jadeq uoissnosiqg | Jaded uoissnasiq

Jaded uoissnosiq

BGD
11, 1355-1382, 2014

Seasonal
contribution of
organic matter to the
Baltic Sea

H. E. Reader et al.

(8)
()



http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/11/1355/2014/bgd-11-1355-2014-print.pdf
http://www.biogeosciences-discuss.net/11/1355/2014/bgd-11-1355-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

,:—!53 25°F

SAON = 54°N

Fig. 1. Map of catchments locations. From north to south: Ume alv, Eman river, Lyckeby river.
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Fig. 2. Dissolved organic carbon (left) and CDOM (a4;5, right) for the three catchments. Red
dots are organic matter characteristics, grey bars represent the daily flow on each river at the

point of sampling.
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Fig. 3. Biological oxygen demand (left) and percent of total dissolved organic carbon that is
biologically reactive (i.e. BOD/DOC ratio-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.
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Fig. 4. Mean monthly loadings of dissolved organic carbon and biological oxygen demand,
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represented as a percent of the total annual loading for each river.
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