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Abstract Coastal waters have strong gradients in

dissolved organic matter (DOM) quantity and charac-

teristics, originating from terrestrial inputs and auto-

chthonous production. Enclosed seas with high

freshwater input therefore experience high DOM

concentrations and gradients from freshwater sources

to more saline waters. The brackish Baltic Sea

experiences such salinity gradients from east to west

and from river mouths to the open sea. Furthermore,

the catchment areas of the Baltic Sea are very diverse

and vary from sparsely populated northern areas to

densely populated southern zones. Coastal systems

vary from enclosed or open bays, estuaries, fjords,

archipelagos and lagoons where the residence time of

DOM at these sites varies andmay control the extent to

which organic matter is biologically, chemically or

physically modified or simply diluted with transport

off-shore. Data of DOM with simultaneous measure-

ments of dissolved organic (DO) nitrogen (N), carbon

(C) and phosphorus (P) across a range of contrasting

coastal systems are scarce. Here we present data from

the Roskilde Fjord, Vistula and Öre estuaries and

Curonian Lagoon; four coastal systems with large

differences in salinity, nutrient concentrations, fresh-

water inflow and catchment characteristics. The C:N:P

ratios of DOM of our data, despite high variability,

show site specific significant differences resulting

largely from differences residence time. Microbial
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processes seemed to have minor effects, and only in

spring did uptake of DON in the Vistula and Öre

estuaries take place and not at the other sites or

seasons. Resuspension from sediments impacts bot-

tom waters and the entire shallow water column in the

Curonian Lagoon. Finally, our data combined with

published data show that land use in the catchments

seems to impact the DOC:DON and DOC:DOP ratios

of the tributaries most.

Keywords Coastal systems � Dissolved organic

matter � Riverine input � Baltic Sea

Introduction

Dissolved organic matter (DOM) constitutes a signif-

icantly larger reservoir than particulate organic matter

(POM) in the ocean and these fractions have differing

roles as the latter is rapidly removed due to sinking

whereas DOM is advected and widely distributed.

DOM is a mixture of compounds of diverse complex-

ity including carbon (C), nitrogen (N), and phosphorus

(P) in proportions that deviate from POM. On average

oceanic POM has ratios of C:P, N:P, and C:N of 163,

22, and 6.6, and the classical Redfield C:N:P ratio of

106:16:1 is only met in upwelling regions (Martiny

et al. 2014). The DOM pool is everywhere much richer

in C and N compared to P and has an average ratio of

810:48:1 (Letscher and Moore 2015). The reason for

the pronounced difference in elemental composition

of particulate and dissolved pools is believed to be due

to the selective degradation of more labile N- and

P-rich components such that carbon accumulates in

molecules of decreased bioavailability, molecular size

and energetic content (Benner and Amon 2015;

Aminot and Kérouel 2004).

Allochthonous and autochthonous sources of DOM

differ in stoichiometry, as soil-derived organic matter

supplied by rivers is typically more carbon rich with

higher C:N ratios (Mattson et al. 2005) compared to

DOM produced by phytoplankton (Lønborg et al.

2009a). Fundamental differences in the biochemical

composition of terrestrial and aquatic plants as well as

microbial processing of organic matter in soils vs.

water are the main reason for this discrepancy. As

DOM is a complex mixture of potentially thousands of

individual chemical compounds, it can be seen to be

comprised of multiple pools with differing bioavail-

ability and reactivity towards microbial breakdown

(Lønborg and Álvarez-Salgado 2012; Wilson and

Xenopoulos 2009). In fact, in the Baltic Sea and

especially in the estuaries DOM is mainly of terrestrial

origin and for the open basins the contribution of

terrestrial DOM to the total pool of DOM has been

estimated to be between 43 and 83% (Deutsch et al.

2012). In disturbed catchments with high percentages

of intense cultivation and little forested area the DOM

exported to streams may be less complex (Wilson and

Xenopoulos 2009). DON and DOP export increases

with cultivated land and is related to fertilizer and

manure use in the catchments (Seitzinger et al. 2002;

Stedmon et al. 2006). On the other hand, catchments

with a high population density were found to be related

to an increasing age of DOC caused by the mobiliza-

tion of aged carbon (Butman et al. 2015).

Here we have studied the composition of DOM in

four different estuaries of the Baltic Sea. The sea is

characterized by an east–west salinity gradient

from\ 3 in northern Bothnian Bay and eastern Gulf

of Finland to over 20 in the Kattegat. Surface DOM

measured along this gradient is apparently relatively

invariant in its molecular composition, and the highly

resolved molecular data identify only differences in

DOM characteristics in sulfidic deep waters (Seidel

et al. 2017). In contrast along the extensive Baltic

coastline DOM composition may strongly differ due to

dilution variability in freshwater mixing zones ranging

from traditional salt wedge estuaries, to coastal

lagoons, to fjords or embayments (Asmala et al.

2017). Secondly, from differences in riverine inputs of

inorganic nutrient and organic matter which vary from
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south to north. The major southern rivers like Nemu-

nas and Vistula primarily drain cultivated land with

relatively high nitrogen and phosphorus concentra-

tions while the boreal northern catchments are

consisting of forests, mires, streams and lakes where

nutrient delivery is low and DOM loads are high (Voss

et al. 2006).

When river water enters the coastal zone nutrients

and DOM are either consumed by phytoplankton and

heterotrophic bacteria or undergoes dilution bymixing

with seawater with lower nutrient concentrations

depending on load and season (Ferguson et al. 2004).

Photodegradation and flocculation may also play a role

for the degradation of DOM (Gustafsson et al. 2000).

The longer a water mass remains within a coastal

ecosystem, the higher the proportion of land-derived

nutrient consumption by phytoplankton that leads to

the production of autochthonous DOM (Dippner et al.

2019). When a freshwater bulge is formed the water

can remain for or up to 9 days near the coast as shown

for the Gulf of Riga (Soosaar et al. 2016) or when an

eddy develops water in the Vistula estuary remains up

to 1 week (Voss et al. 2005). This time should allow for

a higher degradation of DOP components, while the

degradation of DON and DOC is slower, leading to a

shift in the ratios over time (Lønborg et al. 2009b).

Few studies have presented data on the three main

elements C, N and P in DOM in the Baltic Sea and only 5

studies out of 35 had data for all the three main DOM

constituent (DOC, DON, and DOP) in the review by

(Hoikkala et al. 2015). In this study, we have collected

data on DOC, DON, and DOP from four representative

coastal sites across a large range of latitudes of the Baltic

Sea; one lagoon, and three estuaries with large differ-

ences in residence times, nutrients, and DOM inputs

(Fig. 1, Table 1). Our site selection allows a cross-

system comparison under a wide range of hydrological

and environmental situations to test the hypothesis that

rivers act as characteristic DOM source—depending on

land use in the catchment—which is modified along a

salinity gradient from the river offshore.

Materials and methods

Sampling sites and tributaries

Two major (Vistula and Nemunas River) and several

minor tributaries (including Öre River) to the Baltic

Sea and the four corresponding coastal sites have been

sampled. The sites differ in terms of geographical

location, river flow, dissolved inorganic nitrogen

(DIN)—and phosphate (DIP) -load, salinity, topogra-

phy and water residence time (Fig. 1, Table 1) and

reflect the variety of coastal conditions around the

Baltic Sea. The Öre Estuary in the northern Baltic Sea

receives proportionally little inorganic nutrient input

and high DOM during the high flow season in May/

June. The Vistula River load, in contrast, is dominated

by inorganic nitrogen with maximum loads in Febru-

ary–April that drain into the Bay of Gdansk. The

Curonian Lagoon receives input from the eutrophic

Nemunas River with maximum drainage in February/

March, and waters remain in the lagoon for an

extended period of time. Numerous small streams

drain into the Roskilde Fjord which is surrounded

primarily by agricultural land (Asmala et al. 2018a, b).

The residence time in the four coastal systems varies

from 9 days in the Öre estuary to up to 8 months in the

Roskilde Fjord (Table 1). Land use differs with just

2% of cultivated land in the Öre River catchment and

up to 49% in the Vistula River and 66% for the Danish

catchments, forests vary from 12 to 65% (UNECE

2011).

Sampling and analysis

Samples collected during a series of field campaigns

by different research groups around the Baltic Sea

(Fig. 1) in 2014–2017 (Carstensen et al. 2020), were

analysed with comparable internationally standard-

ized methods, although with slight deviations among

sites (Table 2). Most DOC and DONwere measured at

the Technical University of Denmark, except samples

from the Curonian Lagoon were measured at Klaipeda

University, and DON samples from Vistula and Öre

estuaries at the IOW. The pre-filtration was in most

cases done with 0.2 lm filters but sometimes GF/F

filters with a nominal pore size of 0.7 lmwere used. In

light of the detection limits of the analyses and the

small volumes analysed, this will not lead to signif-

icant differences in DOC, DON, or DOP. DOC at both

the Technical University of Denmark and Klaipeda

University was measured using catalytic high-temper-

ature combustion (Shimadzu TOC V-CPH). At each

site DON and DOP were determined as the difference

of the total dissolved N and P (TDN, TDP) and

dissolved inorganic N and P (DIN, DIP) fractions.
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TDN was either determined by catalytic high-temper-

ature combustion with chemiluminescence detection

or persulfate digestion and subsequent nitrate analysis

(Koroleff 1983). TDP was measured using persulfate

digestion and subsequent phosphate analysis (Koroleff

1983). Dissolved inorganic nitrogen (nitrate, nitrite,

and ammonium) and phosphate were measured with a

Quattro Autoanalyser in Vistula and Öre estuaries,

continuous flow analyser Skalar San?? in the Curo-

nian Lagoon, and with a Lachet QuikChem FIA

? 8000 in Roskilde Fjord (methods after Grasshoff

et al. 1999). The analytical error is\ 0.1 lmol L-1

Fig. 1 Map of the Baltic

Sea indicating the locations

of the four study sites. These

are enlarged with the

tributaries in blue: in

Roskilde Fjord several small

tributaries, in Vistula

Estuary the Vistula River, in

the Curonian Lagoon the

Nemunas River and in Öre

Estuary the Öre River
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for all nutrients measured. Below only the site-

specific sampling and unpublished analytical details

are given.

Roskilde Fjord

Details of the field sampling and DOM analyses are

described in Asmala et al. (2018a, b). In summary,

three estuarine and five stream stations in Roskilde

Fjord were sampled on 22 occasions between May

2014 and November 2015. Stream samples were taken

from the surface only whereas estuarine water was

sampled from two depths, one and four meters at each

site. After collection, samples from the water column

were kept cold and in the dark before filtering in the

laboratory within 6 h after sampling.

Vistula Estuary

Three cruises were carried out in the Vistula Estuary

(R/V Elisabeth Mann Borgese, EMB077 in July 2014,

R/V Alkor, AL449, in early February 2015, and

EMB123 in Feb/March 2016). In summer 2014

samples from 4 to 7 water depths from 12 stations

were collected of which five bottom water samples

were collected for DOM analyses. In winter 2015

samples from 4 to 8 water depths from 13 stations, and

in spring 2016 1–8 water depths from 18 stations were

collected. All water samples were taken using a

seabird 911 ? CTD-system with 5 L water bottle

rosette. Near-bottom water samples were additionally

taken from the undisturbed water above the sediment

collected with a multicorer. River water was collected

a few kilometers upstream on a bridge at two

occasions (February and July) and kept cold and dark

until processing of the water on board.

For TDN filtered water (precombusted GF/F) was

collected in acid washed and precombusted 50-mL-

glass vials and frozen at - 20 �C. Analysis followed
the persulfate oxidation method (Koroleff 1983)

performed in a microwave (MarsXpress, CEM) at

180 �C for 50 min. EDTA standards were used to

check for complete conversion to nitrate, which was

then determined using spongy cadmium (Jones 1984).

The oxidation efficiency ranged from 90 to 110%.

DON was calculated as the difference of TDN and

DIN. TP and DOP was determined as described for the

Öre Estuary. POM was collected on precombusted

GF/F filters, filters were dried, and analysed with a

Thermo Fisher Scientific Elemental Analyser

Table 1 Characteristics of the study sites, small superscripts

indicate the source of the data 1)(Pedersen et al. 2014),
2)(HELCOM 2018), 3)public web page: http://miljodata.slu.se/

mvm/, 4)(Dippner et al. 2019), 5)(Asmala et al. 2018b)
6)(Umgiesser et al. 2016; Zilius et al. 2018) 7)(UNECE 2011)
8)Statistical Yearbook (2006)

Roskilde Fjord

RF

Vistula Estuary

VE

Öre Estuary3)

ÖE

Curonian Lagoon CL

General site description

Type Narrow fjord with 5

streams

Wide bay with Vistula

River

Small basin with Öre

River

Lagoon with Nemunas

River

Residence time 3–8 months5) 35–60 days4) 9 days3) 3 months6)

River load TN (kt year-1) 1.691) 652) 0.453) 322)

River load TP (kt y-1) 0.011) 7.92) 0.033) 1.12)

Average depth (m) 3–4 29 10 3.8

Surface area of the lagoon/

bay (km2)

74 825 71 1584

Catchment area (km2) Unknown 194,4247) 30457) 97,8647)

Land use 66% cultivated

12% forests8)
49% cultivated

38% forests7)
2% cultivated

65% forest3)
39% cultivated

46% forest7)

Annual mean concentrations in rivers draining into the respective coastal sites (n)

DOC (lmol L-1) 719 ± 141 (80) 560 (1) 775 ± 350 (3) 586 ± 140 (6)

DON (lmol L-1) 34 ± 29 (29) 60 (1) 19 ± 14 (3) 27 ± 12 (6)

DOP (lmol L-1) 1.4 ± 3.3 (29) 0.4 (1) 0.1 ± 0.1 (2) 0.5 ± 0.6 (6)
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connected to an isotope-ratio mass spectrometer.

Calibration was done with acetanilide (Merck) and

internal peptone standard (details in Bartl et al. 2018).

Öre Estuary

Samples from 13 and 14 stations were taken during

two field campaigns in April and August 2015,

respectively. The stations covered the entire plume

of the Öre River, the river, and the sediments.

Temperature and conductivity were measured with a

Seabird SBE 19 plus system. Chlorophyll fluores-

cence, organic matter fluorescence, turbidity and

dissolved oxygen were measured using a Seaguard

CTD (Aanderaa). Water samples for water chemistry

were collected using a GoFlo Niskin bottle. Near-

bottom water samples were additionally taken from

the undisturbed water above the sediment collected

with a Gemini corer (muddy sediments) or a HAPs

sampler (KC Denmark) for sandy sediments. Samples

were kept cold until further processing within 3 h of

sampling. TDP concentrations in the filtered samples

were determined using an UV/VIS spectrophotometer

(Genesys 10S UV–Vis, Thermo Fisher Scientific;

detection limit 0.05 lmol L-1) as DIP after acid

persulphate oxidation (Koroleff 1983) and the DOP

concentration was calculated subtracting DIP from

TDP. POM and DOM was collected and processed as

described above for the Vistula Estuary (details in

Hellemann et al. 2017).

Curonian Lagoon

Seasonal samples were collected from 2014 to 2015 at

3 sites, representing transitional, riverine flushed and

accumulation areas (1.5–3.5 m depth) in the Curonian

Lagoon. Water samples (2 L) at each site were

collected in triplicate from surface and bottom layers

with a Ruttner bottle, later transferred to opaque

HDPE (Nalgene�) bottles and transported with ice

packs to the laboratory within two hours for further

treatment (Vybernaite-Lubiene et al. 2017). In addi-

tion, water temperature, salinity and dissolved oxygen

were measured in situ at the surface (0.5 m depth) and

bottom (0.5 m above the sediment) using a YSI 460

probe.

Statistics and calculations

Prior to all data analysis, DOM and POM were

checked for outliers. Observations larger than six

times the normalized standard deviation from the

mean were identified as outliers which resulted in the

removal of two observations. Near bottom samples in

Vistula and Öre estuaries were collected from clear

water overlying the sediments but often showed

elevated particulate matter concentrations. These data

sets were treated separately as bottom boundary layer

(BBL) data. Ratios of DOC:DON:DOP and POC:-

PON:POP were first calculated for each single

concentration measurement per depth, site, and sea-

son. DOC, DON, DOP values mean and standard

deviation per site was calculated as well.

The data was tested for normal distribution before

other statistics were applied using both, Kolmogorov–

Smirnov test and Shapiro-Wilks W-test. Differences

among sites and season in the DOM data and their

ratios in surface and bottom waters, respectively, were

investigated using ANOVA (http://www.physics.

csbsju.edu/stats/anova.html). Empirical Orthogonal

Function (EOF) analysis based on covariance matrices

to identify correlations among all measured variables

were performed with Statistica � 6.

To estimate potential removal of DOM, DIN, or

DIP across the salinity gradient of each sampling site,

mixing plots of all variables and sites were generated

(Liss 1976). As conservative mixing line endmembers

for salinity were used; fresh/river water and the most

saline endmember. A logarithmic fit was done (using

grapher10, Golden Software) for the variables mea-

sured at the salinity between endmembers to test for

the uptake or release of compounds during the mixing

process. Only for the Vistula and Öre estuaries in

spring significant deviations from linearity were found

for DON and DIN and the losses were quantified by

calculation of the area between the line and the

logarithmic fit.

Results

Abiotic variables and inorganic nutrients

Samples from different seasons were collected at all

sites but not all seasons were always covered.

Therefore, the data were evaluated together
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independent of season but site specific. Salinity (mean

and standard variation) varied strongly across sites

with lowest in the Curonian Lagoon (0.23 ± 0.04),

followed by Öre Estuary (3.55 ± 1.34), Vistula Estu-

ary (7.07 ± 1.2) and the westernmost site, Roskilde

Fjord (17.51 ± 2.62). The peak river flow of the

respective tributaries varies and is highest in February/

March for the Vistula Estuary and Curonian Lagoon,

in January/February in Roskilde Fjord and in May/

June in the Öre Estuary. The peak river flow lowers the

salinity and raises nutrient and potentially chlorophyll

concentrations near the river mouths, a feature

observed in Vistula estuary and Roskilde Fjord in

March and in Öre Estuary in April. Our EOF analysis,

however, showed only a few significant relationships

between salinity and nutrients concentrations; these

were salinity with silica in the Öre Estuary, salinity

with phosphate in the Curonian Lagoon and Roskilde

Fjord, and salinity with nitrate and silicate in the

Vistula Estuary. EOF analysis of Curonian Lagoon

data showed negative nutrient, and positive POM and

chlorophyll relationships to the temperature.

Nitrate concentrations were the highest in the

Vistula Estuary and Curonian Lagoon in winter and

spring with single measurements of up to 235 lmol L-1

and 149 lmol L-1, respectively. Phosphate was

highest in the Roskilde Fjord, followed by the Vistula

Estuary and the Curonian Lagoon (Fig. 2). The ratios

of DIN:DIP were over 400 near the bottom in the

Curonian Lagoon which is twice as high than the

maximum ratios at the other study sites where single

DIN:DIP ratios varied between 227 and 0.2. Inorganic

nutrients in the BBL were in the same range as the

waters above (Fig. 2). Silicate concentrations in the

Öre and Vistula estuaries when measured at salinities

below1 andwere up to 140 lmolL-1 and 160 lmolL-1,

respectively, but the means were much lower with

40.0 ± 28.8 and 22.1 ± 24.6 lmol L-1, respec-

tively. No silica data are available from Roskilde

Fjord.

Particulate organic matter and Chlorophyll

POM was extremely high in the Curonian Lagoon

(388 ± 226 lmol L-1 POC), while Vistula and Öre

estuaries had roughly an order of magnitude less POC

(32.6 ± 10.6 and 29.8 ± 23.5 lmol L-1, Table S1)

and the same pattern was found for PON and POP. The

BBL samples were significantly higher for Vistula and

Öre estuaries with values of 306 ± 23 and

265 ± 61 lmol L-1, respectively (Fig. S1). The mean

ratio of POC:PON:POC of the coastal sites was

253:39:1 and much higher than the Redfield Ratio,

based on data from all sites but Roskilde Fjord. The

chlorophyll concentrations were around 8.7 ± 6.0,

3.4 ± 3.0, 3.4 ± 2.1 and 43.7 ± 31.1 lg L-1 for

Roskilde Fjord, Vistula, and Öre estuaries, and

Curonian Lagoon, respectively with the highest con-

centrations in spring, except for the Curonian Lagoon

where the highest algae concentrations occurred in

summer and autumn (up to 157 lg L-1). The EOF

analysis identified correlation for POC and PON over

chlorophyll in the Vistula and Öre estuaries and for

POM in general in the Curonian Lagoon, while it

showed only significant relationships between salinity

and chlorophyll concentrations in Öre Estuary. POM

was weakly related to any of the nutrient concentra-

tions and salinity was also not a predictor for POM at
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Fig. 2 Box plots of inorganic nutrient data. Colours show the

different sampling sites, red: Roskilde Fjord, green: Vistula

Estuary, blue: Öre Estuary, and brown: Curonian Lagoon. a–
c data from the water column above the benthic boundary layer

(BBL), d–f data from the BBL. Box plots are only shown when

data were available. (Color figure online)
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all sites (except Roskilde Fjord where POM was not

measured).

Dissolved organic matter

Based on ANOVA all concentrations of DOM of the

four study sites were significantly different (Table 3).

The Curonian Lagoon had the highest DOC and DON

from all four estuarine systems, while DOP was

highest in Roskilde Fjord (Table S1). We found mean

surface water DOC between 630 - 776 lmol L-1 in the

Curonian Lagoon, and the lowest mean DOC averaged

360 lmol L-1 in the Vistula Estuary (Fig. 3). The

BBL has the same range of DOC, DON, and DOP at

both the Vistula Estuary and Öre Estuary sites where

the BBL was sampled separately.

Ratios of DOC:DON, DOC:DOP, and DON:DOP

were not significantly different throughout the study

sites (Fig. 4) and did not vary with the salinity (except

DOC:DON in Roskilde Fjord). The only notable pat-

tern were the consistently low ratios in the BBL that

are in the range of the rest of the water column

(Fig. 4). Mixing plots of DOC, DON and DOP versus

salinity were used to assess whether river derived

DOM was diluted and conservatively mixed with

increasing salinity (Fig. 5). This was true only for

DOC in Roskilde Fjord, Vistula Estuary, and Öre

Estuary (Fig. 5). There was no salinity gradient for the
samples from the Curonian Lagoon, because all

salinities were around 0.2.

A comparison of all 221 data points, shows that the

concentrations cover a large range from 100 to almost

1000 lmol L-1 for DOC, 2.5 to 80 lmol L-1 for DON

and 0.03 to 1.4 lmol L-1 for DOP (Fig. 6, Table 4).

Across all seasons, the concentrations from the Öre

and Vistula estuaries are the lowest and the Curonian

Lagoon the highest. Comparisons of the ratios with the

Redfield ratio, the mean ratio of marine DOM and

riverine DOM of Baltic rivers reveals interesting

patterns (Fig. 6a–c). DOC over DON has a significant

slope of 9.1 when all data are evaluated and is different

to previously reported river derived DOC:DON (31,

Stepanauskas et al. 2002) and closer to marine DOM

(16.9, Letscher and Moore 2015, Fig. 6, Table 4). For

DOC:DOP and DON:DOP the data are closer to Baltic

river DOM, however, with no systematic relationship

between concentrations. Plots of the same variables

from Baltic rivers are scattered around the straight line

Table 3 Results of ANOVA tests for differences among sites

using all except BBL data

Site DOM Mean Std n Sign 95%

VE DOC 318.41 33.7 161 No

ÖE DOC 372.16 136.0 97 No

RF DOC 463.37 90.7 67 No

CL DOC 736.74 104.0 25 No

VE DON 14.93 4.91 122 No

ÖE DON 14.14 1.89 79 No

RF DON 28.63 9.73 42 No

CL DON 45.22 16.0 26 No

VE DOP 0.26 0.005 91 No

ÖE DOP 0.14 0.007 71 No

RF DOP 0.38 0.32 19 No

CL DOP 0.26 0.12 25 No

The last column refers to the 95% significance levels for which

no relationships were found

Fig. 3 Box plots of dissolved organic nutrient data. Colors

show the different sampling sites, red: Roskilde Fjord, green:

Vistula Estuary, blue: Öre Estuary, and brown: Curonian

Lagoon. a–c data from the water column above the benthic

boundary layer (BBL), d–f data from the BBL. Box plots are

only shown when data were available. (Color figure online)
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with the slope of Baltic river data from Stepanauskas

et al. (2002, Fig. 6d–f).

Land use in the catchments seems to be a major

driver of the DOM composition as the ratios over the

percentage of cultivated land or forests are all

significant on a p\ 0.001 level (only DOC:DON

forest p\ 0.01) and DOC in particular is highest from

forest covered land (Fig. 7). The Nordic rivers expe-

rience the highest DOC:DON and DOC:DOP ratios of

all Baltic rivers and the Öre River aligns well here. The

southern rivers are mainly characterised by lower

DOC:DON and DOC:DOP ratios and our data from

the streams of Roskilde Fjord are similar (no own

summertime DOP data of Vistula River). DON:DOP

over percentage cultivated land and forest only had a

significance of p\ 0.5 and\ 0.2, respectively. Our

riverine data from Nemunas, Öre, Vistula, and

Roskilde Fjord tributaries overlap well with data

reported from Baltic rivers (Fig. 7).

Finally, we found systematic losses of DIN and

DON in Vistula and Öre Estuary in spring through the

combination of endmember mixing plots with func-

tions fitted to DIN and DON (Fig. 8).When freshwater

input was high, the deviations from conservative

behaviour were 8 lmol and 265 lmol DIN and

29 lmol and 126 lmol DON for the Öre and Vistula

estuaries, respectively. Although the data are only

synoptic, they show that during estuarine mixing in

spring some removal of DIN and DON occurs.

Discussion

Relationships between river DOM and land use

Land use impacts the riverine DOM components as the

compilation of our data with the data from Stepa-

nauskas et al. (2002) suggests (Fig. 7). Cultivated land

that is largely modified by human use seems to release

higher concentrations of DON and DOP than forests

(Seitzinger et al. 2002; Stedmon et al. 2006), and the

DOM C:N:P ratios do show clear trends over the

percentage land use in catchments (Fig. 7). Past

studies indicate that catchment land use is important

in regulating the C:N:P stoichiometry and bioavail-

ability of DOM entering the coastal zone (Stedmon

et al. 2006; Markager et al. 2011; Asmala et al. 2013;

Reader et al. 2014). For instance, peat soils are a

source of carbon-rich and complex humic-like mole-

cules, agricultural lands are sources of relatively labile

DOM, while lakes in the catchment can even be sinks

for OM (Markager et al. 2011; Mattson et al. 2005;

Stedmon et al. 2006; Weyhenmeyer and Conley

2017). DOM from rivers in the northern Baltic Sea is

therefore likely less bioavailable than DOM from

rivers in the southern Baltic Sea, such as the Nemunas

and Vistula rivers that have 39% and 49% cultivated

land in their catchments (UNECE 2011) and from

Roskilde Fjord with its catchment mostly of agricul-

tural land (Asmala et al. 2018b). On the contrary, the

Öre River (65% forest, (UNECE 2011) has higher

DOC loads compared to the Vistula and Nemunas

rivers and lower DON and DOP. Unfortunately,

typical DOM C:N:P ratios of the riverine waters are

immediately lost when they mix with coastal waters

and their DOM components.

Fig. 4 Box plots of ratios of a DOC:DON, b DOC:DOP, and

c DON:DOP. Colors show the different sampling sites, red:

Roskilde Fjord, green: Vistula Estuary, blue: Öre Estuary, and

brown: Curonian Lagoon. a–c data from the water column above

the benthic boundary layer (BBL), d–f data from the BBL.

Box plots are only shown when data were available. (Color

figure online)
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Processes in coastal waters

The strongest changes in OM concentrations are

observed in estuarine gradients from land to sea, and

overall in the Baltic Sea from east to west through the

major basins. The distinct differences in the morphol-

ogy and physical properties of the estuarine systems

can impact the observed concentrations and they range

from (a) a typical salt wedge estuary such as the Öre

River in the northern Bothnian Sea, (b) a shallow river

impacted lagoon with little marine influence (Curo-

nian Lagoon), (c) the wide and open Bay of Gdansk

with the Vistula River located at the southern coastline

(i.e. Vistula estuary), and (d) a narrow Danish fjord

with numerous minor streams along its length

(Roskilde Fjord). These four sites represent the variety

of coastal types of the Baltic Sea, and likely also reflect

the broad range of DOM and nutrient inputs as well as

their fate in coastal waters.

Furthermore, we anticipated that all components

decline with distance from the river source i.e. DOM

versus salinity would show a significant negative

correlation, and DOP declining faster than DOC and

DON (Stepanauskas et al. 2002). Reasons for this

Fig. 5 DOC, DON, and DOP over salinity. Colours show the

different sampling sites, red: Roskilde Fjord, green: Vistula

Estuary, blue: Öre Estuary, and brown: Curonian Lagoon. Black

lines denote significant relationships for DOC (p\ 0.001) over

salinity in RF (n = 54, r = 0.71), VE (n = 161, r = 0.82), and

ÖE (n = 90, r = 0.72). (Color figure online)
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decline should be related cell lysis, which have been

shown to be low (Rochelle-Newall and Fisher 2002) or

microbial processes (Zweifel et al. 1993). Only DOC

followed the expected conservative mixing with

differing slopes from each site except for the Curonian

Lagoon (Fig. 6a). DON and DOP were not conserva-

tively mixed and may be consumed or produced in that

system. If the freshwater end-members of DOC were

all included even this may not be conservatively mixed

(Asmala et al. 2018b). This also means that nitrogen
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Fig. 6 Ratio plots of a DOC over DON, b DOC over DOP,

c DON over DOP of the coastal study sites. The colour code for

the sites is the same as in previous figures. Only a has a

significant relationship for all estuarine values of DOC over

DON: y = 9.10 x ? 209 (n = 221, r2 = 0.63, q = 0.001). d–

f symbols show river data from Stepanauskas et al. (2002) and

own data. The lines denote published ratios taken from Redfield

(1963) (Redfield Ratio, red line), Letscher et al. 2015 (Marine

DOM, blue line), Stepanauskas et al. 2002 (Baltic river DOM,

dark green line). (Color figure online)
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and phosphorus compounds may have a faster turn-

over and microbial use as suggested by (Stedmon et al.

2006) and as reported in previous studies for other

marine systems e.g., (Clark et al. 1998). Microbial use

would lead to deviation below a straight mixing line

but this could not be discerned from our data. Instead

DON and DOP show a scattered distribution over

salinity pointing to a combination of consumption and

production in the coastal waters. No production of

DIN or DON from remineralisation along salinity

gradients was identified. The quantities consumed in

Vistula and Öre estuaries were low with only 8 lmol

and 265 lmol DIN and 29 lmol and 126 lmol DON

for Öre and Vistula, respectively, but do not take into

account mixing times (Fig. 8). Our calculation was

done for the data from spring and cover a time span of

approximately one to 2 weeks. Whether the uptake

occurred over that time span cannot be discerned but is

likely making potential consumption rates very low.

The roles of residence times, resuspension

and autochthonous production for DOM in coastal

waters

The residence time of the river impacted waters

significantly influences the proportion of nutrient and

DOM uptake in a water body because the inorganic

and organic substances entering the coastal zone are

either consumed by phytoplankton and heterotrophic

bacteria or undergo dilution by mixing with seawater

with lower nutrient concentrations depending on load

and season (Ferguson et al. 2004). The longer a water

mass remains within a coastal ecosystem, the higher

the proportion of nutrient consumption by phyto-

plankton and production of autochthonous DOM

(Dippner et al. 2019). In a system such as the Curonian

Lagoon with its particularly long residence time the

high concentrations could be a result of accumulation

of substances over time. On the other hand, limited

lagoon exchange with Baltic Sea prevents inputs of

marine-like DOM, which allows for specific compo-

sition of dissolved organic matter. In contrast, waters

in the Öre and Vistula estuaries have only short

residence times and river loads can rapidly be

transported offshore. The time needed for biological

or physical processes varies considerably but needs

careful consideration to understand the fate of DOM.

Over 70% of DON can be degraded during the first 10

days after river water has been mixed with sea water as

experimental work from eutrophic catchments sug-

gests (Seitzinger and Sanders 1997). On the other

hand, only 5–10% of DON originating from rivers

draining more pristine and forested catchments in the

northern Baltic Sea is degraded in the estuary during

the first 2 weeks (Asmala et al. 2013). Degradation

rates for DOP are even faster and stimulate primary

production (Stepanauskas et al. 2002). Inorganic

nutrient uptake by primary producers, subsequent

DOM production and its uptake by bacteria occurs in

timescales of hours-days (Asmala et al. 2018a;

Romera-Castillo et al. 2011) making not only the

direct quantification of these processes challenging in

the natural environment but also its role in our

different study sites. Data from the Roskilde Fjord

suggest another fate of nutrients and OM such that

autochthonous DOM (produced with the inorganic

nutrients from streams) is trapped in a sequence of

heterotrophic processes that release processed DOM

into waters beyond the estuary (Asmala et al. 2018a).

This may be the case at all sites, however with varying

quantities of DOM production depending on the

residence times at a particular site and season. Our

data set suggests a strong relationship between resi-

dence time and concentration but also with preferen-

tial consumption of DOP resulting in high DOC:DOP

and DON:DOP ratios in the sequence Curonian

Lagoon, Roskilde Fjord and Öre and Vistula estuaries.

Resuspension and the direct exchange of substances

from sediment porewaters into the overlying water can

also strongly impact organic and inorganic substance

concentrations. A distinct BBL with elevated concen-

trations of particulate substances were observed

throughout the Vistula and Öre estuaries and originate

from sedimenting particles from waters above or

Table 4 Ratios of DOC: DON: DOP normalized to DOP = 1

for each study site, and from Baltic Sea Rivers 1)Stepanauskas

et al. (2002), and from the ocean 2)Letscher and Moore (2015)

Location DOC:DON:DOP ratio

RF 1943 ± 1444:128 ± 89:1

VE 1199 ± 356:52 ± 27:1

ÖE 2661 ± 981:113 ± 25:1

CL 3714 ± 1854:221 ± 127:1

DOM Rivers Baltic1) 2790:91:1

Marine DOM2) 768:48:1
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resuspension (Bartl et al. 2018). Mutual impact of

these layers enhance microbial processes such as

nitrification and also introduce DOM from sediments

into bottom waters (Reader et al. 2019). After a storm

in the Vistula Estuary, ammonium from porewaters

was microbially processed when the substrate became

available (Happel et al. 2018). In the Curonian Lagoon

water column and BBL samples likely indicated fully

mixed conditions, while higher concentrations of DIN

and DON in summer is a result of resuspension and

release of mineralised N from sediment and recycling

in the water (Zilius et al. 2018).

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 7 Ratios of DOM over land use data using the data set of

Stepanauskas et al. (2002). a–c DOM ratios over the percentage

of cultivated land (data in Table 1), d–f DOM ratios over the

percentage of forests in the catchments. Blue denotes rivers

draining into the northern Baltic Sea (mainly Swedish and

Finnish rivers) and orange shows southern rivers fromGermany,

Poland, Latvia, Lithuania, and Estonia, grey symbols show data

of freshwater endmembers of our study
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DOP is less variable than DOC and DON at all sites

and this differs from findings byMarkager et al. (2011)

who report higher annual variation over shorter time

scales with sampling occurring 1–2 times per month.

One possible explanation for the smaller variation in

DOP compared to those in DOC and DON is that

organic P compounds, in general, are considered to be

mineralized faster than those of N or C (Benitez-

Nelson 2000; Clark et al. 1998). In Roskilde Fjord

DOP was elevated likely due to remineralisation of

OM in sediments and efficient release from more

saline anoxic sediment pore waters (Asmala et al.

2018b), a phenomenon also described for coastal

Finish sites (Hoikkala et al. 2012). Part of DOP can be

adsorbed onto particle surfaces such as sediment

grains (Ruttenberg and Sulak 2011). This surface

reactivity of DOP differs from that of DON and DOC

and may partly explain discrepancy in expected

consumption-induced changes in DOP levels.

Nutrient dynamics drive the autochthonous pro-

duction of DOM and were extremely high in the

Curonian Lagoon and Vistula Estuary in spring and

summer compared to the other sites and corresponds to

the supply from the Nemunas and Vistula rivers

(Fig. 2, Aleksandrov 2010). These rivers carry the

highest and third highest area-specific total N load of

all Baltic Sea rivers, respectively (HELCOM 2018)

while the Roskilde Fjord had elevated phosphate

concentrations throughout the annual cycle (excluding

spring), as a consequence of high terrestrial loading,

Fig. 8 Mixing diagrams for inorganic and organic nitrogen

concentrations over salinity for Öre (blue) and Vistula (green)

estuaries in spring. The straight lines denote the theoretical

conservative mixing line between endmembers, while the

curved lines represent the best fit to the data, indicating loss of

nitrogen species in the estuaries. Only for these data sets

meaningful relationships were found
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intensive benthic remineralisation (Asmala et al.

2018b) and higher salinities (Blomqvist et al. 2004).

DON release by phytoplankton is another likely source

of DOM and an important component in the turnover

processes. Its bioavailable fractions sustain auto-

trophic and heterotrophic plankton communities in

the coastal environment (Korth et al. 2012; Nausch

and Nausch 2011; Stepanauskas et al. 2002). To verify

this, we explored relationships between the particulate

matter pool and nutrients but for neither site a

relationship could be established. A weak indication

that particulate matter is related to the growth of

phytoplankton was indicated by significant relation-

ships of POM to chlorophyll at all sites (except

Roskilde Fjord). The relationship would likely be

stronger if only the spring season with maximum river

inflow and coastal POM and Chlorophyll would be

related (Korth et al. 2012), but the time resolution of

our river data in particular is not sufficient. In the

Curonian Lagoon, however, the highest POM and

chlorophyll a concentrations were encountered during

high temperatures and low nutrient concentration

which is typical for the recurring cyanobacteria

blooms in summer (Zilius et al. 2014).

DOM in the Baltic Sea in comparison to the other

seas

The study sites varied widely in many features, most

importantly in catchment characteristics and land use.

DOM concentrations from the coastal Baltic Sea in

this study are roughly an order of magnitude higher

compared to major ocean basins. Interestingly, in the

open ocean deep water values are largely invariant for

DON and DOP compared to DOC indicating contin-

uous changes of carbon compounds versus depth in the

deep ocean while nitrogen and phosphorus reach their

lowest concentrations (Letscher and Moore 2015).

Furthermore, the autochthonous DOM originating

from primary production is the dominant DOM source

in the open ocean (Letscher et al. 2013). In the Baltic

Sea, there is a gradient of source proportions with a

high and widespread terrestrial contribution (Seidel

et al. 2017) from its catchment, overlaid in the central

Baltic Sea with a variable autochthonous DOM

production. We assume that the less biodegradable

DOC and DON from catchments are responsible for

the differences to ocean values. Consequently, a clear

sequence in DOM degradation with most available

compounds in DOP over DON and DOC as described

for the coastal zones in general (Lønborg and Álvarez-

Salgado 2012) could not be confirmed with our data.

Conclusion and outlook

Our cross system comparison could not identify signif-

icant differences in DOM concentrations or elemental

ratios across seasons but there were systematic differ-

ences across our study sites. The systems all seemed to

have different patterns in the DOM concentrations and

C:N:P stoichiometry, indicating strong local controls on

theDOMbiogeochemistry. This finding suggests that the

catchment properties and unique features of coastal

systems shape the composition and fate of the DOM

through multiple processes, e.g. DOM source character-

istics, inorganic nutrient availability, freshwater resi-

dence time and resuspension of bottom sediments. The

type of sediments, whether it is cohesive and thus rich in

porewater nutrients compared to permeable low nutrient

sedimentswould then have an impact onDOMandPOM

composition. Factors such as wave action and bottom

type may overprint other features like bioavailable

components from catchments.

The Baltic Sea is a suitable test bed for further

studies of the processes shaping the DOM pool from

land to sea, as there are different gradients in salinity,

river chemistry, bathymetry and sediment character-

istics; there are lagoons, open bays and stretches from

subpolar to continental climate. The apparent lack of

relationship between DON and DOP over salinity

further points to the important role these low-concen-

tration fractions may play in primary production and

heterotrophic microbial processes. Future studies in

estuaries combining information about catchment

characteristics, sediment quality, estuarine hydromor-

phology and chemically more accurate identification

of specific components of the DOM pool are required

to improve our mechanistic understanding about the

fate and role of OM in coastal systems.
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Lønborg C, Davidson K, Álvarez-Salgado XA, Miller AEJ

(2009b) Bioavailability and bacterial degradation rates of

dissolved organic matter in a temperate coastal area during

an annual cycle. Mar Chem 113:219–226. https://doi.org/

10.1016/j.marchem.2009.02.003

Markager S, Stedmon CA, Søndergaard M (2011) Seasonal

dynamics and conservative mixing of dissolved organic

matter in the temperate eutrophic estuary Horsens Fjord.

Estuar Coast Shelf Sci 92:376–388. https://doi.org/10.

1016/j.ecss.2011.01.014

Martiny AC, Vrugt JA, Lomas MW (2014) Concentrations and

ratios of particulate organic carbon, nitrogen, and phos-

phorus in the global ocean. Sci Data 1:140048. https://doi.

org/10.1038/sdata.2014.48

Mattson T, Kortelainen P, Räike A (2005) Export of DOM from

boreal catchments: impacts of land use cover and climate.

Biogeochemistry 76:10373–10394. https://doi.org/10.

1007/s10533-10005-16897-x

Nausch M, Nausch G (2011) Dissolved phosphorus in the Baltic

Sea—occurrence and relevance. J Mar Syst 87:37–46.

https://doi.org/10.1016/j.jmarsys.2011.02.022

Pedersen TM, Sand-Jensen K, Markager S, Nielsen SL (2014)

Optical changes in a eutrophic estuary during reduced

nutrient loadings. Estuar Coasts 37:880–892

Reader HE, Stedmon CA, Kritzberg ES (2014) Seasonal con-

tribution of terrestrial organic matter and biological oxygen

demand to the Baltic Sea from three contrasting river

catchments. Biogeosciences 11:3409–3419. https://doi.

org/10.5194/bg-11-3409-2014

Reader HE, Thoms F, Voss M, Stedmon CA (2019) The influ-

ence of sediment-derived dissolved organic matter in the

Vistula River Estuary/Gulf of Gdansk. J Geophys Res

Biogeosci 124:115–126. https://doi.org/10.1029/

2018JG004658

Rochelle-Newall EJ, Fisher TR (2002) Production of chro-

mophoric dissolved organic matter fluorescence in marine

and estuarine environments: an investigation into the role

of phytoplankton. Mar Chem 77:7–21. https://doi.org/10.

1016/S0304-4203(01)00072-X

Romera-Castillo C, Sarmento H, Álvarez-Salgado XA, Gasol
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