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Dissolved organic matter (DOM) from soils enters the aquatic environment via headwater streams.
Thereafter, it is gradually transformed, removed by sedimentation, and mineralised. Due to the
proximity to the terrestrial source and short water residence time, the extent of transformation
is minimal in headwaters. DOM has variable composition across inland waters, but the amount of
variability in the terrestrial end member is unknown. This gap in knowledge is crucial considering the
potential impact large variability would have on modelling DOM degradation. Here, we used a novel
liquid chromatography –mass spectrometry method to characterise DOM in 74 randomly selected,
forested headwater streams in an 87,000 km2 region of southeast Sweden. We found a large degree
of sample similarity across this region, with Bray-Curtis dissimilarity values averaging 8.4 ± 3.0%
(mean ± SD). The identified variability could be reduced to two principle coordinates, correlating to
varying groundwater flow-paths and regional mean temperature. Our results indicate that despite
reproducible effects of groundwater geochemistry and climate, the composition of DOM is remarkably
similar across catchments already as it leaves the terrestrial environment, rather than becoming
homogeneous as different headwaters and sub-catchments mix.
Inland waters are increasingly recognised as an important component of the global carbon cycle, and it is estimated that riverine flux of organic carbon to the sea represents only a fraction (<20%) of the 5.1 Pg yr−1 that is
delivered from the terrestrial environment. The bulk is mineralised to CO2 or buried in riverine and lacustrine
sediments1–5. The mineralization and sedimentation of terrestrial dissolved organic carbon (tDOC) are intrinsically controlled due to the structure of the organic molecules6,7 and extrinsically mediated by the environment8,
leading to complex bulk decay rates spanning several orders of magnitude in inland waters9. These processes are
spatially and temporally variable, and the source10–13 and reactivity14–16 of this carbon resource are among the
most extensively researched topics in contemporary biogeochemistry.
Headwater streams are a fundamental part of river networks, being the point at which groundwater leaves the
soils and turns into surface water to form the earliest stages of the river. The flow rate and geochemistry of headwater streams are heavily affected by groundwater table depth17–19, land use and climate20, and their composition
forms the basis of the entire river network. In Sweden, first and second order streams make up 78% of the total
length of all rivers5. In organic carbon terms, headwater streams are absolutely dominated by terrestrial dissolved
organic matter (tDOM) that has been previously altered in soils and groundwater12,13,21. Primary production and
other in-stream processes are highly constrained by the short water residence time in low order streams22, and
only begin to significantly affect organic matter in streams at higher order stream level23,24. This makes headwater streams ideal sites to examine the geochemical controls on the original character of complex tDOM being
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transported to aquatic systems before further complication due to in-situ production and transformation of the
organic matter that occurs in downstream rivers and lakes25.
The composition and concentration of tDOM in headwater streams depends on soil chemistry and groundwater flow paths yielding different contribution of deep and shallow groundwater inputs26. Changes in soil pore
water ionic strength and air temperature over the last decades have led to an increased flux of tDOM from soils to
inland waters27,28, in many cases exceeding 0.15 mg L−1 yr−1 (ref.29). Transport through deep groundwater aquifers
tends to remove tDOM due to interaction with mineral cations (Al3+, Fe3+, Ca2+)30,31, and it has been demonstrated that aromatic and carboxylic functional groups in the complex organic mixture have a higher tendency to
sorb onto mineral and soil surfaces32–34.
While experimental studies have demonstrated the chemical fractionation of tDOM under various controlled
conditions, few studies have analysed the molecular composition of headwater stream tDOM21,35,36, and no studies have sampled a sufficiently large number of headwater streams in one region to determine potentially subtle
effects of geochemistry on the resulting complex mixture.
Compositional analysis of DOM can be approached using high resolution mass spectrometry to determine
signal intensities of thousands of molecular formulas in each aquatic sample8,21,37. This is usually achieved after
solid phase extraction of material and analysis via Electrospray Ionisation -Fourier Transform – Ion Cyclotron
Resonance - Mass Spectrometry (ESI-FT-ICR-MS). We have recently evaluated the use of the Orbitrap Mass
Spectrometer for the same task38 and coupled online chromatographic fractionation of the material without
need for prior solid phase extraction39. This allows robust and reproducible analysis of large numbers of filtered
freshwater samples either without modification or after pre-concentration by vacuum centrifuge. The polarity
fractionation of the samples allows a deeper investigation of the isomeric complexity of the sample, but does not
resolve individual isomers40, and still requires statistical analysis of compositional data, rather than leading to a
complete understanding of DOM molecular concentrations.
In this study we measured the relative abundance of thousands of molecular formulas over three polarity
fractions in 74 randomly selected forested headwater streams in southeast Sweden using online high performance
liquid chromatography- high resolution mass spectrometry (HPLC-HRMS)39. The HPLC-HRMS data were evaluated along with a range of geochemical, geographical and meteorological characteristics in order to determine
how hydrology and geochemistry control the concentration and character of tDOM in headwater streams, and
therefore the entire river network.

Results and Discussion

Sample catchment characteristics and geochemistry.

The headwater streams were sampled over an
87,000 km2 region (Fig. 1) using a random selection technique, resulting in a wide range of catchment characteristics and geochemistry (Table 1). The catchments were dominated by forests, with only 25% of the headwater
catchments having more than 2% wetland area. Due to the selection criteria, surface water, agriculture and urban
areas accounted for negligible area. The catchments were primarily located on slowly weathering soils (Podzol,
Histosol, Leptosol, Arenosol, and Regosol) and bedrock (granite and gneiss), typical for forested areas in southern
Sweden, and with limited influence of lime or other calcium bearing soil types41. Based on long-term data for
the period 1961–1990, annual mean temperature and precipitation varies in the range 5–7 °C and 600–700 mm
(ref.42). The evapotranspiration is in the range 400–500 mm yielding a low run off of 100–200 mm. Hence this
region, especially along the coast to the Baltic Sea, is the driest of Sweden. The vegetation period (average number of days with an air temperature >5 °C) varies between 180–210 days and 15–25% of the precipitation fall in
the form of snow42. The dominant tree species in Southeast Sweden are Norway spruce (Picea abies (L.) Karst.),
Scots pine (Pinus- sylvestris L.) and birch (Betula spp.). Except for a few years after clear-cutting, these tree species
dominate the biomass and production in Swedish forests. Note that the assessment of wetland coverage should
be considered as a minimum estimate, and does not consider peat soils in forested areas, as these are counted as
forest area by the satellite imaging technique.
The TOC concentration ranged between 6.5–63.3 mg/L in a distribution skewed towards the lower end.
Run-off influenced by deep groundwater flow-paths led to higher base cation (Ca2+, Mg2+, K+, Na+ = ΣBC)
concentrations in some samples13, leading to a highly skewed distribution with median 0.67 meq/l ΣBC. Titrated
alkalinity (pHref. = 5.6) was low, often negative, leading to low sample pH with more than half of the streams
having pH < 5.

Liquid Chromatography – mass spectrometry separation and analysis of samples.

Sample
DOM was characterised by high resolution mass spectrometry after elution from a reversed phase column in
three main fractions (Fig. 2): Poorly retained, hydrophilic material (Fraction A), material that was retained but
eluted in >20% acetonitrile (Fraction B) and the most hydrophobic material that was retained and eluted only
when acetonitrile was increased above 45% (Fraction C). Note that hydrophobicity is defined here conditional on
the pH of sample loading (3.35), not the pH of the stream. The average light absorbance of the material decreased
with hydrophobicity due the loss of carboxyl and unsaturated (π electron) functionality (Fig. 2).
The polarity fractionation of the sample prior to mass spectrometry analysis allows a greater number of formulas to be assigned, particularly in the more hydrophobic fractions39. It also improves the detection limit by
decreasing the molecular complexity at the ESI source and in each transient analysis in the Orbitrap, where there
is a maximum of 1 × 106 ions analysed. The resulting data is a matrix of intensities with the number of rows set by
the number of formulas considered and number of columns set by the chromatographic fractions (in this case,
6220 × 3 = 18660 variables). The increased number of variables leads to deeper sensitivity to sample differences
in multivariate statistical analysis.
The intensity data was normalised so that all assigned masses across the three fractions summed to a unitless value of 1 × 106. The data in Fig. 2 was taken from an average sample with the lowest average Bray-Curtis
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Figure 1. Map of sampling locations in southeast Sweden.

Range

Median

Catchment area (km2)

0.95–7.25

2.34

% Forested area

48–99

83

% Clear-cut area

1–34

14

% Wetland area

0–44

0

TOC (mg/L)

6.5–63.3

27.9

Total Ca (meq/L)

0.09–3.10

0.25

Total Fe (mg/L)

0.04–3.8

0.8

pH

4.01–7.40

4.97

ΣBC (meq/L)

0.29–3.84

0.67

TOC:ΣBC+ (mmol:meq/L)

0.3–12.7

3.8

Table 1. Catchment characteristics and headwater stream geochemistry. ΣBC = sum of base cations (Ca2+,
Mg2+, K+, Na+).

dissimilarity of DOM to all other samples, designated sample SO_023. This sample had 24.8 mg/L TOC and
0.25 meq/L Ca2+. In this average sample, fraction A, B and C contributed 0.5, 6.0 and 3.5 × 105 units of signal,
respectively, but these values do not correspond to the actual concentration differences of these polarity fractions,
which would have to be measured by more quantitative means after fraction collection. The scale of Fraction A
was largely controlled by the pH of mobile phase A; with greater proton activity leading to better neutralization
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Figure 2. DOM characteristics of one exemplary sample (SO_023) in the three polarity fractions (Fraction A:
blue, Fraction B: black, Fraction C: red). (a) Absorbance at 254 nm of organic matter eluting from the column
over time. (b) Total ion count by mass spectrometry of the same material, with polarity fractions divided insilico indicated by shaded areas. (c) Van Krevelen diagram showing H/C vs O/C atomic ratios of all compounds
detected in the three fractions, with colours indicating the fraction and point size showing log(relative intensity).

and retention of organic acids. This indicates that the pKa of the fraction A material is lower than 4 and is largely
constituted by conjugated carboxylic acids43. This is consistent with the high O/C ratio, low hydrogen saturation
(Table 2) and previous studies that demonstrate the importance of carboxylic functionality in DOM by fragmentation and methylation reactions40,43. In relation to stream water acidity (pH > 4.0), fraction A is a relatively
strong acid having the potential to decrease pH in all streams where the buffer capacity remains low44.
The increasingly hydrophobic material was on average higher mass, more saturated and had lower oxygen
functionality (Table 2), typical of DOM from higher pH soils45. All of the material recovered can be considered
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Fraction A

Fraction B

m/zwa

365 (281–423)

367 (297–421)

Fraction C
381 (307–441)

O/Cwa

0.70 (0.58–0.79)

0.50 (0.41–0.58)

0.38 (0.32–0.43)

H/Cwa

1.00 (0.83–1.13)

1.20 (1.00–1.33)

1.29 (1.14–1.38)

Table 2. Average sample data for three hydrophobicity fractions in sample SO_023. Subscript ‘wa’ signifies the
values are weight-averaged based on peak intensities. Displayed are weighted average median with interquartile
range within brackets.

as rather unsaturated in comparison to most biologically labile organic matter, which generally has an H/C ratio
higher than 1.546. The DOM was composed of unsaturated compounds (H/C 1.0–1.5), generally in fractions
B-C, and highly unsaturated, carboxyl rich compounds (H/C < 1.0, O/C > 0.5) in fraction A. The more saturated
compounds (H/C > 1.0) tend to be recalcitrant and persist in freshwater and marine environments7. The highly
unsaturated, carboxyl rich compounds reflect the origin of tDOM in terrestrial plants, which tend to release
highly phenolic material to the watershed8 that is subsequently oxidised and carboxylated in soils47,48. There was
significant overlap in terms of presence and absence (not intensity) in molecular formulas between the three
fractions, due to the extreme isomeric complexity of the molecular mixture39,40,49. Structural isomers for individual formulas were spread between the three fractions. We have previously confirmed that specific (purchased)
compounds that are spiked into the complex mixture are indeed retained in reproducible and narrow elution
times39,40. Of the 4305 formulas detected in this sample, 2314 were present in all three fractions, but usually at
highly differing intensities (Fig. 2c). Only 21, 10 and 253 formulas were unique to the three fractions A, B and C,
respectively. This overlap is due to the incredible complexity of the mixture and the structural diversity hidden
behind each formula, and not primarily due to shortcomings in the separation.

Regional sample variability.

Despite the large range in sample TOC concentrations, inter-sample variability (after TOC normalization by dilution and normalization of the data) was low, with an interquartile range of
dissimilarities of 6.2–10.0% (Fig. SI2) and no values passing 23.3%. For context, Bray Curtis dissimilarity between
lakes with water residence time less than vs. more than 1 year is greater than 30%50. Also, terrestrial and marine
DOM have been found to differ >60%38. Both of these values were generated from direct infusion data, so strict
comparison is not possible with data from HPLC-HRMS.
Over the three polarity fractions, 1751, 2851 and 2382 molecular masses (in total 6984 fraction specific
masses) were present in all 74 samples. While this only represents 39% of fraction specific masses identified
in the dataset in at least one sample, these 6984 peaks constituted essentially all of the ionizable organic matter
by making up 99.2 ± 0.2% (mean ± SD) of total intensity in the samples. Hence, most of the difference between
streams in presence or absence of peaks could be attributed to rare, low abundance peaks. Together, these metrics
suggest that the quality of DOM across this large geographical region was highly similar, albeit at very different
concentrations. Classical multidimensional scaling of the Bray Curtis dissimilarity matrix revealed that just three
principle coordinates could describe 76% of the data variability between the 74 samples. These three coordinates
described 48, 20 and 7% of the data variability respectively, with subsequent coordinates describing less than 5%
of the data each and presumably accounting only for analytical variability (Fig. SI2).
The first principle coordinate (PCoA 1) correlated with the concentration of major ions including Ca2+, SO42−
and Mg+, and also pH, alkalinity, and conductivity, and negatively correlated with Fe and Pb. PCoA2 was positively correlated with mean annual air temperature (MAT) at the sampling site, V, Al, Se and Cr, and negatively
correlated with (northerly) latitude (Fig. 3). The correlations mentioned had a p-value < 0.001 over the 74 samples
(Pearson’s Rho > ± 0.375). All correlation data between the PCoAs and environmental factors are reported in the
supplementary information. Individual molecular formulas within each of the three polarity fractions could also
be correlated with the principal coordinates (or the environmental factors), revealing important trends in DOM
quality according to these geochemical gradients (Fig. 4).
In this quality context, the first principle coordinate had a clear positive correlation with hydrogen saturation
in polarity fractions B–C, and was negatively correlated with the most oxygen rich (carboxyl rich) compounds
(O/C > 0.5) that are commonly found in fractions A–B. The proportion of total ion count found in fraction A
decreased substantially along PCoA1, making up ~6.3% of total intensity in the higher TOC samples, and just
3.0% in the higher ionic strength samples (SI Fig. 3). In geochemical context, this means that the samples that
were rich in ionic strength/alkalinity were also richer in saturated and oxygen poor compounds - particularly
those with H/C > 1.0 and O/C < 0.5, in fractions B–C. The opposite can be stated for samples rich in Fe, Pb and
TOC. The second principle coordinate had a clear positive correlation with mass, with a large shift in relative
intensities occurring around m/z 350 and Kendrick Mass Defect 0.3. The more southern samples, from slightly
warmer climates, were richer in high mass compounds and also V, Al, Se and Cr. Most of these second coordinate
quality changes affected the more saturated compounds with H/C > 1.0 (Fig. 4).
Polar, oxygen rich, unsaturated molecules were thus less abundant in samples with relatively high ionic
strength. Ionic strength in headwater streams is typically sourced from sub-surface mineral soils, indicating that
deeper groundwater flow paths result in sorption and ligand binding of compounds with high carboxyl functionality to soil particle bound metals51. The abundance of calcium bearing soils is minimal in this study region,
meaning there is a low probability that our results are confounded by surface sources of calcium.
Counter-intuitively, the more hydrophobic, saturated constituents remained dissolved in the groundwater, and were proportionally of higher abundance in headwater streams with a greater deep groundwater contribution. This removal mechanism preferentially removes the same carboxyl and aromatic functionality as
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Figure 3. (A) Principle coordinate diagram showing the 74 sample positions on the first two coordinates,
which account for 68% of all DOM compositional variability in the dataset. Sample TOC concentration is
displayed in colour. (B) Pearson’s correlation values of selected environmental/geochemical parameters with
the first two principle coordinates, indicated by lines that lead from the centre to the x,y values of Rho. The
normalised scores of the samples in the same two dimensions are overlaid in small blue dots. Correlation values
for all parameters can be found in the supplementary information.

photo-degradation, and leads to changes that resemble those found in samples that have been processed in surface waters7,12,46,52. With respect to surface water runoff generation, the timescale of groundwater residence time
is generally confined to <1 yr in this region26, whereas water residence times in lakes can reach tens of years9. The
extent of change found in our samples is fairly low, but at this stage we cannot assess whether this is limited by
residence time or geology46.
Conversely, high Fe and Pb samples were associated with low values on PCoA1 and therefore more oxygen
rich components. It stands to reason that high carboxyl functionality is associated with heavy metal transport, but
usually high Fe is an indication of reducing conditions53, probably reflecting lateral influx of shallow groundwater
from organic rich riparian zones17. The presence of highly oxidised DOM in reduced waters suggests that the
formation of the carboxylic rich DOM occurs in the hydraulically unsaturated zone, possibly in the B-horizon of
oxidised forest soils54 early on in the diagenesis of deposited terrestrial organic matter47,48.
These results support previous evidence that the bulk of dissolved organic matter in headwater streams in forested
landscapes is previously formed in soils and is thereafter quite stable17,22. Our findings of slightly different DOM composition between streams with different relative influence of deeper groundwater flow paths, as indicated by ionic
composition, imply that DOM that has been ‘pre-aged’ through deep groundwaters this way will attenuate less light,
have lower carboxyl functionality and therefore lower heavy metal binding/carrying capacity and will be less photodegradable and surface active. Catchments with surficial groundwater flow-paths through organic rich soils will export
relatively browner waters with less altered organic matter leading to higher heavy metal transport capacity per mole of
carbon. It is also important to note that the most extensive differences in DOM observed in this study still left the DOM
character highly similar among samples. When analysed in direct infusion mode after simply diluting the sample in
acetonitrile (50%) and ammonia (0.1%), ‘tannin-like’ molecules with H/C < 0.8, O/C > 0.75 were not detected in the
low TOC sample (Fig. SI4), whereas they were detected by the HPLC-HRMS method employed here. The greater sensitivity over the whole polarity range provided by the LC-MS method may decrease the importance of ion suppression39,
making samples more comparable, at least in terms of presence and absence of peaks35. This may also have led to some
extent to the higher observed similarity of samples, suggesting that the beta diversity (inter-sample diversity) of DOM
may be overestimated by direct infusion HRMS. The apparent similarity may also be exaggerated (by both LC-HRMS
and direct infusion approaches) due to the effect of isomeric averaging of the thousands of structures that make up each
peak, hiding more varied behaviour within each molecular mass40,55.
PCoA 2, which was driven largely by latitude and long-term mean annual temperature (MAT), correlated
well (ρ 0.62, p < 1 × 10−8) with an important fraction of higher molecular mass (> 350 Da) material, generally
with hydrogen saturation >1.0. The MAT variability between the samples was fairly low, between 5–7 °C, and
the southern sites are consistently ~2 °C warmer than the northernmost sites. MAT was not correlated with DOC
concentrations, confirming previous observations across Sweden56, but may have an impact on DOM quality
due to differences in adsorption or enzymatic activity in soils57–60. Typically, increased microbial respiration of
DOM would be expected to decrease molecular mass61, although some evidence suggests that high molecular
weight material is preserved/low molecular weight material is removed in headwater streams from forest soils
under incubation conditions62. In addition to possible explanations related to soil chemistry and in-situ microbiology, it should be noted that MAT positively co-varies with vegetation period length and forest and litter
production levels63, resulting in a difference of ~4 m3 ha−1 yr−1 in mean site quality (SI) from the most southern
to most northern catchment (Swedish Statistical Yearbook of Forestry, 2014), reflecting a much larger potential
for OM production (and decomposition) by the trees in the south (SI = ~11 m3 ha−1 yr−1) compared with in the
north (SI = ~7 m3 ha−1 yr−1). We speculate that this difference has the potential to increase the overall influx of
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Figure 4. Van Krevelen and Kendrick diagrams of molecular formulas in each of the three polarity fractions
(A–C). Points are shown for molecular formulas whose intensities correlated significantly (p < 0.001) with either
PCoA 1 (left) or PCoA 2 (right). The size of the point is proportional to the log(normalised intensity) and the
colour of the point indicates the Pearson’s correlation rho (legend at right). PCoA 1 correlates negatively with
oxygen saturation and positively with hydrogen saturation, whereas PCoA 2 correlates with molecular mass.

higher molecular mass DOM to the soils. This aspect of our findings adds some evidence to recently observed
temperature effects on DOM quality in soils and rivers45,64, but still requires considerable further investigation.
If this relationship is causal and reproducible over such small temperature ranges then changes to temperatures
(and therefore litter production levels) that are expected from near-future climate change could have a noticeable
impact on the character, and especially the mass profile of riverine DOM.
Notwithstanding these subtle differences, that were reproducible across the 87,000 km2 region, all samples in
this study were rather similar. This similarity was found despite an order of magnitude range in TOC concentrations
(~7–70 mg/L), with the ubiquitous molecular masses making up an average of 99% of intensity and Bray-Curtis
dissimilarity not passing 23.3%, even incorporating data separated over three polarity/acidity fractions. We assume
that the large range in TOC concentration is caused by variability in peat soil abundance, which could not be measured in this study. The concentration difference of TOC is likely to have various geochemical effects on the aqueous
environment, including acidity, light retention and trace metal solubility, but the rate constant of its chemical or biological removal is unlikely to be different due to its high apparent compositional similarity. The % wetland parameter
is likely to be a low estimate due to the nature of satellite imaging (peat soils in forests are counted only as forests).
Overall, TOC was not well predicted by any unrelated variables, in particular land use parameters. TOC in turn was
a poor predictor of Bray Curtis dissimilarity of sample DOM composition (Fig. 5).
The overall regional similarity suggests that headwater or terrestrial DOM in this kind of forested hemiboreal
environment is similar enough to be used as a tracer for the headwater end member of DOM in comparative studies within and among forested catchments, and in degradation studies. Here, we demonstrate the similarity across
a wide selection of forested catchments draining to hemiboreal streams. Possibly the similarity of tDOM extends
to other boreal environments, and a comparison study of a large number of streams from different biomes is an
important next step21. Headwater tDOM is likely masked by urban and agricultural runoff downstream, making
the study of its degradation and transport challenging. Our results demonstrate that the tDOM mixture exported
to headwaters streams, although highly complex, exhibits substantial similarity across the forested landscape. In
ecological terms, this corresponds to high alpha diversity (within each sample) and low beta diversity (across forested regions). Accordingly, we expect the DOM of different forested headwaters to react in similar ways during
microbial and chemical degradation6, and we posit that the composition of DOM should be expected to be rather
similar across forested catchments already as it leaves the terrestrial environment, rather than becoming homogenous as different headwaters and sub-catchments mix52. This is a crucial finding for modelling studies that assess
the likelihood that terrestrial organic carbon from forested regions is respired or sedimented in streams, as our
results suggest that they can now assume homogeneity of the terrestrial source material.

Methods

Sample collection and geochemical data.

Samples were collected late in the autumn 2016 (November
17- December 1) from the surface (0–0.3 m, depth) of 74 forested headwater streams across the southeast of
Sweden (Fig. 1), as a part of a research study coordinated and conducted by the Swedish University of Agricultural
Sciences (SLU). 100 candidate streams for sample collection were selected randomly using a national virtual
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Figure 5. Pairwise Bray-Curtis dissimilarity vs. Pairwise difference in TOC. TOC difference is a poor predictor
of Bray Curtis dissimilarity.
database of stream networks, VIVIAN65. The initial selection criteria were that streams must be longer than
2500 m, from catchment areas with water surface area ≤1%, agricultural land ≤5% and without urban influence.
For a detailed description of the selection methodology see the supplementary information and Löfgren et al.
(2014).
Geochemical analysis of samples (pH, conductivity, turbidity, TOC, inorganic ions, metals, and absorbance) was performed based on accredited methods by the Department of Aquatic Sciences and Assessment,
SLU (https://www.slu.se/en/departments/aquatic-sciences-assessment/laboratories/geochemical-laboratory/
water-chemical-analyses/). Arsenic, cobalt, cadmium, chromium, copper, nickel, lead, selenium, zinc, vanadium and uranium were determined by ICP-MS. Aluminium, iron, manganese, calcium, magnesium, potassium,
sodium and silicon were determined by ICP-AES. Sulfate, chloride and fluoride were determined by ion chromatography. Total organic carbon and total nitrogen were determined by combustion methods using a Shimadzu
TOC/TN analyser.

Catchment characteristics. Average climate data for the period 1961–1990 were used and obtained from
the Swedish Meteorological and Hydrological Institute (SMHI). Land cover distribution within each catchment
was based on the digital version of the Swedish land cover map produced by Metria (GSD-Marktäckedata; http://
mdp.vic-metria.nu/miljodataportalen/) classified from satellite images (25 × 25 m pixel). Data on tree biomass
and annually clear-cut area were made available as digital maps by the Swedish Forest Agency (SFA, https://www.
skogsstyrelsen.se/sjalvservice/karttjanster/skogliga-grunddata/). Tree biomass is modelled based on data from
LIDAR scanned digital elevation maps (2 × 2 m pixel) and ground truth data from the Swedish National Forest
Inventory (NFI). Clear-cut area is classified as the accumulated final felled area during the period 2007–2016.
Sample preparation.

Solutions were prepared using reagent grade chemicals and ultra-pure water (>18
MΩ cm−1). Samples were collected in November 2016, were stored unfiltered in the dark at 4 °C and were prepared and analysed on the 23rd–26th April 2017. The samples were measured into 2 ml Eppendorf vials so that
11.25 µg organic carbon was present (e.g. 1.125 ml sample if TOC = 10 mg/l). Two blanks of 2 ml ultrapure water
(MilliQ, Millipore) were taken to determine contamination peaks. Samples and blanks were evaporated to dryness in a vacuum centrifuge (Eppendorf Concentrator Plus) at 45 °C and reconstituted in 150 µL MilliQ water
with 1% (v/v) formic acid, so that resulting concentration for all samples was 75 mg/L of TOC. This was done in
order to inject the same amount of TOC into LC-MS system for each sample. Some flocculation of organic carbon
was apparent in the more TOC rich samples, and possibly the most hydrophobic moieties of the DOM flocculated
selectively. We did not quantify this effect, but assume that it is a natural process that would also affect organic
carbon in the natural environment, leading to loss by sedimentation. This study only focuses on the DOM which
remained dissolved, and flocs were avoided when taking samples for drying. The main effect this would have
on our data is due to the dilution correction applied to the samples, which would lead to these samples having a
lower analytical abundance of DOM than expected. Normalization of the data will have accounted for this effect.

Reversed-Phase High Performance Liquid Chromatography (RP-HPLC) with Diode Array
Detection (DAD). Chromatographic separation of the samples was carried out on an Agilent 1100 Series

system with a polymeric polystyrene/divinylbenzene reversed phase column (150 × 1.0) mm, 3 µm bed size, 100 Å
pore size (Agilent, PLRP-S). Samples were analysed in random order with blanks and three analyses of Suwannee
River Fulvic Acid (SRFA) reference material (2 × 75 mg/L C, 1 × 150 mg/L C) placed randomly between samples.
Samples (80 µL) were loaded at 100 µL/min and were eluted in a stepped gradient at 40 µL/min formed by two
mobile phases leading to the elution of three fractions of material (broadly, 0% B, 20% B, >45% B). This is a
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high loading volume compared with the flow rate, but we have previously confirmed that the retention factor of
DOM is high enough for this not to affect peak shape39,40. Mobile phase A was 0.1% (v/v) formic acid, 0.05% (v/v)
ammonia, 5% (v/v) of acetonitrile, with resulting pH = 3.35. Mobile phase B was acetonitrile. The elution profile is described in detail in the supplementary information. UV-visible absorption spectra were measured with
Agilent 1100 diode array detector at 254 nm with 410 nm as the reference absorption. The total analysis time per
sample was 34 minutes, and 80 samples, blanks and reference samples were analyzed in 48 hours. We have noticed
in other sample sets that some column and ESI cleaning is required for more alkaline samples, but for headwater
streams no signal suppression was observed.

FT-Orbitrap-MS analysis.

MS analysis was conducted following the chromatographic elution with an
Orbitrap LTQ-Velos-Pro (Thermo Scientific, Germany). Ions were formed by electrospray ionization in negative
mode at a spray voltage of −3.1 kV. Method setup and data acquisition were performed using Thermo Fisher
Scientific XcaliburTM software (version 3.0). External calibration of the instrument’s mass/charge (m/z) axis was
performed at the start of the analysis using the manufacturer’s calibration mixture for negative mode. Mass spectra were collected after the initial 4 minutes of eluent was diverted to waste. Transients were collected over the
following 30 minutes for each LC-MS run, with a range of 150–1000 m/z and instrumental resolution setting of
100 000. Sample m/z values were recalibrated using ReCal Offline software (Thermo Fisher) using six masses from
251–493 that were found in all samples.
Sample data were processed in MATLAB (Version 2017b). Thermo Fisher Raw files were converted to mzXML
files with ReAdW, and were imported into MATLAB with the mzxmlread function. Potential formulas were preselected from a theoretical framework as follows: number of carbon = 4–40, hydrogen = 4–80, oxygen = 1–40,
nitrogen = 0–1, mass to charge ratio (m/z) = 170–700, mass defect (decimal after the nominal mass) = −0.1–0.3,
O/C ratio = 0–1, H/C ratio = 0.3–2, double bond equivalence minus oxygen = −10–10 and electron valence must
be neutral. These criteria left 11205 potential formulas for assignment to sample peaks.
The data was screened in each transient for instrumental noise by calculating the 95th percentile of peaks with
mass defect 0.6–0.8. All intensities occurring below this value at all mass defects were replaced by zero. Formulas
were then assigned by comparing each peak in each transient with the exact deprotonated mass of the 11205 formulas in the prepared list. The closest match was assigned if it was within 1.5 ppm of the theoretical deprotonated
mass and occurred in at least 10 transients in a sample. 6220 of the formulas were found in at least one sample
according to these criteria. The resulting matrix of 6220 formula rows and ~550 transients was then summed into
three time bins: A = 5–9.5 min, B = 9.5–19 min, C = 19–24 min. This 6220 × 3 matrix was then normalised to
sum 1 × 106. The blanks and three SRFA standards that were analysed at the start, middle and end of the run were
assessed and compared for method validation, and not used further. It should be noted that in this separation
technique, solvent and buffer composition vary throughout the chromatographic run, making the comparison
of signal intensities between fractions problematic. For example, the early fraction has a very low organic solvent
content and lower desolvation at the ESI source, leading to lower ionization efficiency of organic compounds in
comparison to the later fractions. However, this is not important for inter-sample comparison, as conditions are
the same for all samples.
The inter-sample dissimilarity was assessed pairwise using the Bray-Curtis Dissimilarity scale, which was used
for classical multidimensional scaling leading to 57 principle coordinates with positive eigenvalues. The analytical reproducibility of the method was high, as three analyses of Suwannee River Fulvic Acid reference material
(measured at the start, middle and end of the run) gave a very low Bray-Curtis dissimilarity of 2.23 ± 0.34%
(mean ± SD, n = 3). Geochemical and land cover parameters were correlated (Pearson) to PCoA ordinations.
Also, the Pearson’s correlation between PCoA scores and each individual formula’s normalised intensity was
calculated. Correlations were considered significant if they passed a p value of 0.001.

Data Availability

Raw data and MATLAB processing files are available in the PANGAEA data publisher (https://www.pangaea.de/).
https://doi.pangaea.de/10.1594/PANGAEA.895543.

References

1. Tranvik, L. J. et al. Lakes and reservoirs as regulators of carbon cycling and climate. Limnol. Oceanogr. 54, 2298–2314 (2009).
2. Drake, T. W., Raymond, P. A. & Spencer, R. G. M. Terrestrial carbon inputs to inland waters: A current synthesis of estimates and
uncertainty. Limnol. Oceanogr. Lett., https://doi.org/10.1002/lol2.10055 (2017).
3. Dean Walter, E. & Gorham, E. Magnitude and Signifigance of Carbon Burial in Lakes, Reservoirs, and Peatlands. Geology 26,
535–538 (1998).
4. Raymond, P. A. et al. Global carbon dioxide emissions from inland waters. Nature 503, 355–359 (2013).
5. Wallin, M. B. et al. Carbon dioxide and methane emissions of Swedish low-order streams-a national estimate and lessons learnt from
more than a decade of observations. Limnol. Oceanogr. Lett., https://doi.org/10.1002/lol2.10061 (2018).
6. Mostovaya, A., Hawkes, J. A., Dittmar, T. & Tranvik, L. J. Molecular Determinants of Dissolved Organic Matter Reactivity in Lake
Water. Front. Earth Sci. 5, 1–13 (2017).
7. Kellerman, A. M., Kothawala, D. N., Dittmar, T. & Tranvik, L. J. Persistence of dissolved organic matter in lakes related to its
molecular characteristics. Nat. Geosci. 8, 454–459 (2015).
8. Kellerman, A. M., Dittmar, T., Kothawala, D. N. & Tranvik, L. J. Chemodiversity of dissolved organic matter in lakes driven by
climate and hydrology. Nat. Commun. 5, 1–8 (2014).
9. Catalán, A. N., Marcé, R., Kothawala, D. N. & Tranvik, L. J. Organic carbon decomposition rates controlled by water retention time
across inland waters. Nat. Geosci. 9, 501–504 (2016).
10. Campeau, A. et al. Multiple sources and sinks of dissolved inorganic carbon across Swedish streams, refocusing the lens of stable C
isotopes. Sci. Rep. 7, 1–14 (2017).
11. Inamdar, S. et al. Fluorescence characteristics and sources of dissolved organic matter for stream water during storm events in a
forested mid-Atlantic watershed. J. Geophys. Res. Biogeosciences 116 (2011).

SCiEntifiC REPOrTS |

(2018) 8:16060 | DOI:10.1038/s41598-018-34272-3

9

www.nature.com/scientificreports/
12. Osburn, C. L. et al. Regional groundwater and storms are hydrologic controls on the quality and export of dissolved organic matter
in two tropical rainforest streams, Costa Rica. J. Geophys. Res. Biogeosciences, https://doi.org/10.1002/2017JG003960 (2018).
13. Barnes, R. T., Butman, D. E., Wilson, H. & Raymond, P. A. Riverine export of aged carbon driven by flow path depth and residence
time. Environ. Sci. Technol. 52, 1028–1035 (2018).
14. Koehler, B., Von Wachenfeldt, E., Kothawala, D. & Tranvik, L. J. Reactivity continuum of dissolved organic carbon decomposition
in lake water. J. Geophys. Res. Biogeosciences 117 (2012).
15. Vähätalo, A. V., Aarnos, H. & Mäntyniemi, S. Biodegradability continuum and biodegradation kinetics of natural organic matter
described by the beta distribution. Biogeochemistry 100, 227–240 (2010).
16. Catalán, N. et al. Biodegradation kinetics of dissolved organic matter chromatographic fractions in an intermittent river. J. Geophys.
Res. Biogeosciences 122, 131–144 (2017).
17. Grabs, T., Bishop, K., Laudon, H., Lyon, S. W. & Seibert, J. Riparian zone hydrology and soil water total organic carbon (TOC):
Implications for spatial variability and upscaling of lateral riparian TOC exports. Biogeosciences 9, 3901–3916 (2012).
18. Ledesma, J. L. J., Futter, M. N., Laudon, H., Evans, C. D. & Köhler, S. J. Boreal forest riparian zones regulate stream sulfate and
dissolved organic carbon. Sci. Total Environ. 560–561, 110–122 (2016).
19. Laudon, H. et al. Patterns and Dynamics of Dissolved OrganicCarbon (DOC) in Boreal Streams: The Role of Processes, Connectivity,
and Scaling. Ecosystems 14, 880–893 (2011).
20. Löfgren, S., Fröberg, M., Yu, J., Nisell, J. & Ranneby, B. Water chemistry in 179 randomly selected Swedish headwater streams related
to forest production, clear-felling and climate. Environ. Monit. Assess. 186, 8907–8928 (2014).
21. Jaffé, R. et al. Dissolved Organic Matter in Headwater Streams: Compositional Variability across Climatic Regions of North America.
Geochim. Cosmochim. Acta 94, 95–108 (2012).
22. Kothawala, D. N. et al. The relative influence of land cover, hydrology, and in-stream processing on the composition of dissolved
organic matter in boreal streams. J. Geophys. Res. G Biogeosciences 120, 1491–1505 (2015).
23. Temnerud, J. et al. Landscape scale patterns in the character of natural organic matter in a Swedish boreal stream network. Hydrol.
Earth Syst. Sci. Discuss. 6, 3261–3299 (2009).
24. Naiman, J. R., Melillo, J. M., Lock, M. A., Ford, T. E. & Reice, S. R. Longitudinal Patterns of Ecosystem Processes and Community
Structure in a Subarctic River Continuum. Ecology 68, 1139–1156 (1987).
25. Wallin, M. B. et al. Temporal control on concentration, character, and export of dissolved organic carbon in two hemiboreal
headwater streams draining contrasting catchments. J. Geophys. Res. Biogeosciences 120, 832–846 (2015).
26. Bishop, K., Seibert, J., Nyberg, L. & Rodhe, A. Water storage in a till catchment. II: Implications of transmissivity feedback for flow
paths and turnover times. Hydrol. Process. 25, 3950–3959 (2011).
27. Löfgren, S., Gustafsson, J. P. & Bringmark, L. Decreasing DOC trends in soil solution along the hillslopes at two IM sites in southern
Sweden - Geochemical modeling of organic matter solubility during acidification recovery. Sci. Total Environ. 409, 201–210 (2010).
28. Löfgren, S. & Zetterberg, T. Decreased DOC concentrations in soil water in forested areas in southern Sweden during 1987–2008.
Sci. Total Environ. 409, 1916–1926 (2011).
29. Monteith, D. T. et al. Dissolved organic carbon trends resulting from changes in atmospheric deposition chemistry. Nature 450,
537–540 (2007).
30. Riise, G., Van Hees, P., Lundström, U. & Tau Strand, L. Mobility of different size fractions of organic carbon, Al, Fe, Mn and Si in
podzols. Geoderma 94, 237–247 (2000).
31. Lundstrom, U. S., Van Breemen, N. & Bain, D. The podzolization process. A review [review]. Geoderma 94, 91–107 (2000).
32. Dadi, T. et al. Redox conditions affect DOC quality in stratified freshwaters. Environ. Sci. Technol. acs.est.7b04194, https://doi.
org/10.1021/acs.est.7b04194 (2017).
33. Leinemann, T. et al. Multiple exchange processes on mineral surfaces control the transport of dissolved organic matter through soil
profiles. Soil Biol. Biochem. 118, 79–90 (2018).
34. Fleury, G., Del Nero, M. & Barillon, R. Effect of mineral surface properties (alumina, kaolinite) on the sorptive fractionation
mechanisms of soil fulvic acids: Molecular-scale ESI-MS studies. Geochim. Cosmochim. Acta 196, 1–17 (2017).
35. Mosher, J. J., Kaplan, L. A., Podgorski, D. C., McKenna, A. M. & Marshall, A. G. Longitudinal shifts in dissolved organic matter
chemogeography and chemodiversity within headwater streams: a river continuum reprise. Biogeochemistry 124, 371–385 (2015).
36. Hutchins, R. H. S. et al. The Optical, Chemical, and Molecular Dissolved Organic Matter Succession Along a Boreal Soil-StreamRiver Continuum. J. Geophys. Res. Biogeosciences 122, 2892–2908 (2017).
37. Sleighter, R. L., Liu, Z., Xue, J. & Hatcher, P. G. Multivariate statistical approaches for the characterization of dissolved organic matter
analyzed by ultrahigh resolution mass spectrometry. Environ. Sci. Technol. 44, 7576–82 (2010).
38. Hawkes, J. A., Dittmar, T., Patriarca, C., Tranvik, L. J. & Bergquist, J. Evaluation of the Orbitrap mass spectrometer for the molecular
fingerprinting analysis of natural dissolved organic matter (DOM). Anal. Chem. 88, 7698–7704 (2016).
39. Patriarca, C., Bergquist, J., Sjöberg, P. J. R., Tranvik, L. & Hawkes, J. A. Online HPLC-ESI-HRMS Method for the Analysis and
Comparison of Different Dissolved Organic Matter Samples. Environ. Sci. Technol., https://doi.org/10.1021/acs.est.7b04508 (2017).
40. Hawkes, J. A., Patriarca, C., Sjöberg, P. J. R., Tranvik, L. J. & Bergquist, J. Extreme isomeric complexity of dissolved organic matter
found across aquatic environments. Limnol. Oceanogr. Lett. 3, 21–30 (2018).
41. Dominating soil classes, Sweden. Available at, http://www-markinfo.slu.se/eng/soildes/jman/faodom.html.
42. Raab, B. & Vedin, H. Climate, Lakes and Rivers, National Atlas of Sweden vol. 14. (Swedish Society for Anthropology and Geography,
Kartförlaget, Sweden, 1995).
43. Zherebker, A. et al. Enumeration of carboxyl groups carried on individual components of humic systems using deuteromethylation
and Fourier transform mass spectrometry. Anal. Bioanal. Chem., https://doi.org/10.1007/s00216-017-0197-x (2017).
44. Futter, M. N., Valinia, S., Löfgren, S., Köhler, S. J. & Fölster, J. Long-term trends in water chemistry of acid-sensitive Swedish lakes
show slow recovery from historic acidification. Ambio 43, 77–90 (2014).
45. Roth, V.-N., Dittmar, T., Gaupp, R. & Gleixner, G. The Molecular Composition of Dissolved Organic Matter in Forest Soils as a
Function of pH and Temperature. PLoS One 10, e0119188 (2015).
46. Kieft, T. L. et al. Dissolved Organic Matter Compositions in 0.6–3.4 km Deep Fracture Waters, Kaapvaal Craton, South Africa. Org.
Geochem., https://doi.org/10.1016/j.orggeochem.2018.02.003 (2018).
47. Thevenot, M., Dignac, M. F. & Rumpel, C. Fate of lignins in soils: A review. Soil Biol. Biochem. 42, 1200–1211 (2010).
48. Reemtsma, T., These, A, Springer, a. & Linscheid, M. Fulvic acids as transition state of organic matter: Indications from high
resolution mass spectrometry. Environ. Sci. Technol. 40, 5839–5845 (2006).
49. Petras, D. et al. High-Resolution Liquid Chromatography Tandem Mass Spectrometry Enables Large Scale Molecular
Characterization of Dissolved Organic Matter. Front. Mar. Sci. 4 (2017).
50. Attermeyer, K. et al. Organic Carbon Processing during Transport through Boreal Inland Waters: Particles as Important Sites. J.
Geophys. Res. Biogeosciences, https://doi.org/10.1029/2018JG004500 (2018).
51. Claret, F., Schäfer, T., Brevet, J. & Reiller, P. E. Fractionation of Suwannee River Fulvic Acid and Aldrich Humic Acid on α-Al2O3:
Spectroscopic Evidence. Environ. Sci. Technol. 42, 8809–8815 (2008).
52. Creed, I. F. et al. The river as a chemostat: fresh perspectives on dissolved organic matter flowing down the river continuum. Can. J.
Fish. Aquat. Sci. 72, 1272–1285 (2015).
53. Ekström, S. M. et al. Increasing concentrations of iron in surface waters as a consequence of reducing conditions in the catchment
area. J. Geophys. Res. Biogeosciences 121, 479–493 (2016).

SCiEntifiC REPOrTS |

(2018) 8:16060 | DOI:10.1038/s41598-018-34272-3

10

www.nature.com/scientificreports/
54. van Hees, P. A., Lundström, U. & Giesler, R. Low molecular weight organic acids and their Al-complexes in soil solution—
composition, distribution and seasonal variation in three podzolized soils. Geoderma 94, 173–200 (2000).
55. Dittmar, T., Koch, B., Hertkorn, N. & Kattner, G. A simple and efficient method for the solid-phase extraction of dissolved organic
matter (SPE-DOM) from seawater. Limnol. Oceanogr. Methods 6, 230–235 (2008).
56. Erlandsson, M. et al. Thirty-five years of synchrony in the organic matter concentrations of Swedish rivers explained by variation in
flow and sulphate. Glob. Chang. Biol. 14, 1191–1198 (2008).
57. Conant, R. T. et al. Temperature and soil organic matter decomposition rates - synthesis of current knowledge and a way forward.
Glob. Chang. Biol. 17, 3392–3404 (2011).
58. Conant, R. T. et al. Sensitivity of organic matter decomposition to warming varies with its quality. Glob. Chang. Biol. 14, 868–877
(2008).
59. Kaiser, K., Kaupenjohann, M. & Zech, W. Sorption of dissolved organic carbon in soils: Effects of soil sample storage, soil-to-solution
ratio, and temperature. Geoderma 99, 317–328 (2001).
60. Winterdahl, M. et al. Riparian soil temperature modification of the relationship between flow and dissolved organic carbon
concentration in a boreal stream. Water Resour. Res. 47, 1–17 (2011).
61. Kim, S., Kaplan, L. A. & Hatcher, P. G. Biodegradable dissolved organic matter in a temperate and a tropical stream determined from
ultra–high resolution mass spectrometry. Limnol. Oceanogr. 51, 1054–1063 (2006).
62. Berggren, M., Laudon, H. & Jansson, M. Landscape regulation of bacterial growth efficiency in boreal freshwaters. Global
Biogeochem. Cycles 21, 1–9 (2007).
63. Finstad, A. G. et al. From greening to browning: Catchment vegetation development and reduced S-deposition promote organic
carbon load on decadal time scales in Nordic lakes. Sci. Rep. 6, 1–8 (2016).
64. Roth, V. N., Dittmar, T., Gaupp, R. & Gleixner, G. Latitude and pH driven trends in the molecular composition of DOM across a
north south transect along the Yenisei River. Geochim. Cosmochim. Acta 123, 93–105 (2013).
65. Nisell, J., Lindsjö, A. & Temnerud, J. Rikstäckande virtuellt vattendrags nätverk för flödesbaserad modellering ViVaN (in Swedish with
an English summary). Department of Aquatic Science and Assessment. Swedish University of Agricultural Sciences. Uppsala. Sveriges
Lantbruksuniversitet report 17 (2007).

Acknowledgements

The authors acknowledge funding from the Knut and Alice Wallenberg Foundation (2013.0091), the OlssonBorgh Foundation (130305807), the Swedish Research Council (2015–4870) and the Swedish Energy Agency
(81708-3).

Author Contributions

S.L., M.W. and J.H. conceived and planed the study, J.H. and N.R. conducted the experiments and analysed the
data, J.H. wrote the MATLAB code. S.L., J.H., L.T. and J.B. provided funding and equipment, J.H. wrote that
manuscript and all authors reviewed the manuscript.

Additional Information

Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-34272-3.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2018

SCiEntifiC REPOrTS |

(2018) 8:16060 | DOI:10.1038/s41598-018-34272-3

11

