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Abstract 27 

Fluvial networks are globally relevant for the processing of dissolved organic matter (DOM). 28 

To investigate the change in molecular DOM diversity along the river course, high-field 29 

FTICR mass spectrometry and NMR spectroscopy of riverine DOM as well as bacterial 30 

abundance and activity were measured in a third order stream along a land-use gradient from 31 

pristine, agricultural to urban landscapes. DOM composition showed a clear evolution along 32 

the river course with an initial decrease of average oxidation and unsaturation followed by an 33 

increased relative abundance of CHNO and CHOS compounds introduced by agriculture and 34 

waste water, respectively. DOM composition was dominated by rather unsaturated CHO 35 

compounds (H/C ≤1) in headwaters and by more aliphatic molecules at downstream sites. 36 

Oxygenated functional groups shifted from aromatic ethers and hydroxyl groups to aliphatic 37 

carboxylic acids and aliphatic hydroxyl groups. This massive dislocation of oxygen 38 

significantly increased the diversity of atomic environments in branched aliphatic groups from 39 

headwater to downstream DOM. Mass spectra of DOM enabled the detection of 40 

compositional relationships to bacterial abundance and activity which was positively related 41 

to more aliphatic components (H/C >1) and negatively related to unsaturated components. 42 

FTICR mass and NMR spectra corroborated the initial decline in DOM molecular diversity 43 

predicted by the River Continuum Concept (RCC) but demonstrated an anthropogenic 44 

increase in the molecular diversity of DOM further downstream. While the high DOM 45 

molecular diversity in first order headwater streams was the result of small scale ecosystem 46 

plurality, agriculture and waste water treatment introduced many components in the lower 47 

reaches. These anthropogenic influences together with massive bacterial oxidation of DOM 48 

contributed to a growth of molecular diversity of downstream DOM whose composition and 49 

structure differed entirely from those found in pristine headwaters.  50 
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1. Introduction 51 

Streams and rivers are important sites for organic carbon processing. They receive 52 

considerable amounts of terrestrial organic matter (Aufdenkampe et al. 2011) of which a large 53 

proportion is humic-like aromatic-rich material dominated by lignin and tannin compounds 54 

(Mosher et al., 2015). Along the river course from mountain springs and headwaters to the 55 

lowlands, algal photosynthesis contributes to increasing proportions of autochthonous DOM 56 

(Jaffe et al., 2012; Parr et al., 2015). The river continuum concept predicts a high molecular 57 

diversity of DOM in first order streams with high proportions of groundwater DOM and 58 

decreasing diversity in second order to fifth order streams (Vannote et al. 1980). On the other 59 

hand, rivers receive molecules from anthropogenic sources such as agriculture, industry, and 60 

waste water treatment (Hosen et al., 2014; Parr et al., 2015) contributing to the overall 61 

molecular diversity of DOM. Thus, it is very likely that the molecular diversity of riverine 62 

DOM will evolve along the river course and might in fact increase from the source to the 63 

confluence with higher order streams. 64 

DOM quality and its changes in streams are commonly assessed using fluorescence spectra 65 

(Cory and Kaplan, 2012; Hosen et al., 2014; Parr et al., 2015). Several indices relating 66 

specific excitation and emission wavelengths were developed, e.g. an increased freshness 67 

index (Fellmann et al., 2010) indicates more microbially produced DOM and a decreased 68 

humification index (Zsolnay, 2003) indicates less plant-derived DOM due to farming which 69 

increased also dissolved organic nitrogen concentration (Graeber et al., 2015). In urban 70 

streams, the proportion of humic-like allochthonous DOM was lower whereas the more 71 

bioavailable autochthonous DOM showed higher proportions (Parr et al., 2015). 72 

Fourier transform ion cyclotron resonance mass spectrometry (FTICR MS) detects gas phase 73 

ions of molecules with very high molecular resolution enabling the assignment of thousands 74 

of CHO, CHNO, CHOS and CHNOS molecular formulas (Hertkorn et al., 2008). However it 75 

is subject to ionization selectivity, and many isomeric molecules may project on any 76 



4 
 

individual mass peak. NMR spectroscopy allows the analysis and quantification of carbon- 77 

and hydrogen-based aliphatic, oxygenated and aromatic chemical environments of atoms. 78 

Together, FTICR and NMR mass spectra provide complementary information about structure 79 

and molecular composition of DOM (Hertkorn et al., 2007). While in recent years, several 80 

mass spectrometry based studies of riverine DOM were performed at single sites of one or 81 

more streams (Kim et al., 2006; Stubbins et al., 2010; Sleighter et al., 2014; Wagner et al., 82 

2015), only a single study (Mosher et al., 2015) covered a longitudinal transect from 83 

headwater streams proceeding downstream. To the best of our knowledge, no nuclear 84 

magnetic resonance spectroscopy (NMR) analysis covers evolution of riverine DOM along 85 

the river course. 86 

Biological processing of DOM in streams and rivers is mainly performed by heterotrophic 87 

bacteria and leads to breakdown of large molecule and ultimate CO2 emissions from running 88 

waters while other fractions of DOM might flocculate and become part of sedimentary carbon 89 

or are exported to the ocean (Cole et al., 2007; Battin et al., 2008; Hale and Godsey, 2019). 90 

This processing can be performed by planktonic, suspended stream water bacteria or by 91 

epilithic bacteria associated in biofilms (Battin et al., 2003, 2008). Previous studies have 92 

shown that the activity of planktonic bacteria was related to DOM quality while activity of 93 

biofilm bacteria was not due to benthic algae and extracellular polymeric substances as 94 

additional carbon sources in biofilms (Kamjunke et al., 2015). However, bacterial activity was 95 

only related to bulk optical parameters and could not be related to specific carbon species so 96 

far. Here we tested the hypotheses that (1) DOM diversity decreases along the river course, 97 

and (2) bacterial abundance and activity are related to specific DOM components. This 98 

research requires a highly resolved molecular DOM-characterization not commonly available. 99 

In this contribution we related FTICR MS- and NMR-based, better constrained molecular 100 

composition and structure of riverine DOM to biological processing along a representative 101 

German third order stream with a land-use gradient ranging from pristine headwaters with 102 
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forest catchment, through a variety of urban and agricultural areas with well documented land 103 

use (Wollschläger et al., 2017).  104 

 105 

2. Material and Methods 106 

2.1. Study area and sampling 107 

The study was done in the Holtemme catchment area in the Harz Mountains, Germany which 108 

is part of an observation network called Terrestrial Environmental Observatories (TERENO; 109 

Wollschläger et al., 2017). The Holtemme River is a third order river in the Elbe catchment 110 

area with a long-term mean annual discharge of 1.34 m3 s-1 (gauging station Mahndorf) that 111 

originates at 862 m a.s.l. and flows into the Bode River. The land use in the catchment is 112 

dominated by agriculture (60%), followed by forests (30%) and urban (10%) areas 113 

(Wollschläger et al., 2017). The hydromorphology is natural in the upstream sections but 114 

highly impacted due to channeling, riparian clearcutting and incision in urban and agricultural 115 

areas. The river receives substantial pollution from two wastewater treatment facilities serving 116 

a population equivalent of more than 40,000 each and from tributaries draining agricultural 117 

areas. Sampling of DOM quality and bacteria was performed at 12 sites from headwater to the 118 

mouth (Fig. 1, Table S1) on 6th and 7th October 2014 under base flow conditions as DOM is 119 

controlled by instream processes during the late growing season but by transport during high 120 

flow (Hale and Godsey, 2019). 121 

 122 

2.2. Measurement of DOC concentration and fluorescence 123 

DOC concentrations were determined after high-temperature combustion (DIMATOC 2000, 124 

Dimatec Analysentechnik GmbH, Essen, Germany). Fluorescence excitation emission 125 

matrices (EEMs) were collected using a spectrofluorometer (AQUALOG, HORIBA Jobin 126 

Yvon, USA; see SI for details). 127 

 128 
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2.3. High-field FTICR mass spectrometry of DOM  129 

2.3.1. Solid phase extraction (SPE), FTICR mass spectra determination 130 

Aliquots of 70 mL water were filtered through pre-combusted GF/F and acidified with HCl to 131 

pH 2.0. Subsamples of 50 mL of the acidified filtrate were processed through 500 mg styrene-132 

divinyl-polymere type (PPL) solid-phase cartridges (Agilent, Waldbronn, Germany) prior to 133 

electrospray ionization (ESI) using a SmartPrep® automatic cartridge extractor (Horizon 134 

Technology, Salem, USA). The SPE-DOM was extracted twice with 2 mL methanol; the 135 

extracts were diluted with methanol to 5 mL and were stored at -20°C until analysis (Dittmar 136 

et al., 2008; Raeke et al., 2016). The recovery rates of the 12 samples are shown in Table S2. 137 

The details of FTICR MS measurements (electrospray ionization in negative mode) were 138 

described in Hertkorn et al. (2016), Herzsprung et al. (2017), and the SI. 139 

2.3.2. Analysis based on ranks of intensities of single components 140 

Hierarchical cluster analysis (HCA) was performed with STATISTICA 12 software by 141 

Statsoft® using the calculated intensity ranks (Herzsprung et al., 2017). The rank correlations 142 

were performed on the basis the calculated inter sample ranks of the molecular compositions 143 

which were present in all 12 samples (n = 749; see SI for details).  144 

2.3.3. Analysis based on normalization of mass peak intensities of single components 145 

The relative mass peak intensities (n = 4616, all different components with present counts 146 

between 1 and 12) were obtained from intensity-normalized mass spectra (Osterholz et al., 147 

2016; Kamjunke et al., 2017). This procedure was applied to each of the 12 samples and was 148 

used to evaluate longitudinal DOM quality changes. We applied a linear regression between 149 

the relative mass peak intensity as dependent variable and the distance of the sampling sites 150 

from the source where the slope was regarded as semi-quantitative parameter for the change:  151 

A positive/negative slope basically means an increase/decrease of the component abundance 152 

along the flow length.  For visualization in van Krevelen diagrams we used only components 153 

which were present in at least 8 samples and with p < 0.05 (R2 > 0.332). 154 
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 155 

2.4. NMR spectroscopy of SPE-DOM  156 

Proton-detected NMR spectra of methanolic riverine SPE-DOM extracts were acquired using 157 

a Bruker Avance III NMR spectrometer at 800.13 MHz (B0 = 18.7 T) and 283 K from ~1 mg 158 

of solid SPE-DOM obtained by evaporation of the original methanol-h4 solution (for details 159 

see SI).  160 

 161 

2.5. Bacterial abundance and biomass production 162 

Abundance of planktonic bacteria from formalin-fixed samples and of biofilm bacteria after 163 

detachment by ultrasonication was estimated after staining with acridine orange and counting 164 

using an epifluorescence microscope (Axioskop2, Zeiss) according to Kamjunke et al. (2015). 165 

Production of planktonic and epilithic biofilm bacteria was measured using the leucine 166 

technique (Simon and Azam, 1989) as described by Kamjunke et al. (2015) after storage of 167 

samples at 4°C until the next day (see SI for details). The assimilable organic carbon (AOC) 168 

was estimated from the growth of bacterial cells in a dilution batch experiment running for 30 169 

days at ambient temperature (15°C) in the dark (see SI for details). We applied  Spearman 170 

rank correlations between bacterial abundance, BP, cell-specific BP, and AOC with DOM 171 

fluorescence indices, intersample ranks of FTICR MS components present in all samples, and 172 

1H NMRsection integrals (Herzsprung et al., 2017). For components introduced by the input 173 

from diverse sources (i.e. which were not present in all samples), we performed Spearman 174 

correlations for linked (equal) values (Sachs, 1974) with the intersample ranked intensities 175 

(Herzsprung et al., 2012) which were present in at least 7 samples and with p < 0.05 (R2 > 176 

0.332). 177 

 178 

3. Results 179 

3.1. Bulk parameter analysis 180 
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Discharge increased continuously from the source to site 6 which might be explained by the 181 

inflow of several tributaries and the effluent of the first WWTP (Fig. 2). Further downstream, 182 

discharge remained nearly constant with low contributions of tributaries. DOC concentrations 183 

were highest in the headwater section and decreased from site 1 to site 4, partly due to 184 

dilution by tributaries with lower DOC concentration. From there, the DOC was nearly 185 

constant at a level of about 3 mg L-1. Fluorescence and freshness index increased slightly until 186 

site 4, showed a steep increase in response to the first WWTP, and remained constant 187 

afterwards. Humification index and specific UV absorption decreased until site 5 and did not 188 

change further downstream. FTICR mass spectra showed clear changes along its river course. 189 

SPE-DOM from sites 1 and 2 showed skewed, near Gaussian type distributions of mass peaks 190 

with a steeper slope toward lower mass (m/z < 350) than toward higher mass (m/z > 450; Fig. 191 

S1). Overall mass peak distributions became more symmetrical downstream. From site 3 192 

downstream, various groups of sharp mass peaks indicated restricted sets of abundant 193 

molecules. At sites 4 and 5, patterning indicated presence of either abundant biomolecules 194 

from DOM processing or anthropogenic compounds. From site 7 downwards, a distinct group 195 

of low mass peaks (m/z < 300) appeared. The average H/C ratio indicated a transition from 196 

more unsaturated (sites 1-3) toward more saturated aliphatic molecules at sites 4-12 whereas 197 

the O/C ratio decreased from sites 2-5. The O/C ratio slightly increases from site 5 – 7 and 198 

decreased in response to the second WWTP again (where H/C increased in parallel; Fig. 2). 199 

The average oxidation state of carbon OSC as well as the average mass continually declined 200 

from site 2 until sample 5 (after WWTP 1) and showed similar behaviour as the O/C ratio. 201 

 202 

3.2. Classification and inter sample ranking 203 

The hierarchical cluster analysis (HCA) computed from FTMS-derived molecular 204 

compositions which were present at all 12 sites (Fig. S1B) showed that the DOM quality in 205 

the headwater up to site 3 was completely different from the DOM quality in the lower 206 
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course. Sites 4 – 7 were rather similar among themselves, with sites 4/5 and 6/7 most 207 

likewise, whereas sites 8-12 were even more alike, with site 9 slightly dissimilar. The inter-208 

sample rankings analysis projected on van Krevelen diagrams revealed more specific 209 

differences in DOM quality (Fig. 3). The headwater sites 1 – 3 showed mainly 1st to 4th ranks 210 

for O-rich polyphenol-like and highly unsaturated (O-rich; H/C ≤ 1) components (van 211 

Krevelen coordinates shown in Fig. S4, according to Rossel et al., 2017), in the following 212 

combined and named as O-rich&DBE-richComp (Herzsprung et al., 2012). and 9th to 12th 213 

ranks for more aliphatic and oxygen-poor components (O/C < 0.5 and H/C > 1) and some 214 

oxygen-rich components with H/C > 1. The samples from sites 4 – 7 showed middle ranks for 215 

O-rich&DBE-richComp (3th to 8th) whereas the downstream sites 8 - 12 showed 7th to 12th 216 

ranks for these components. Overall, higher ranks shifted from O-rich&DBE-217 

richComptoward higher aliphaticity (H/C ratio) and less oxygenation (O/C ratio) along the 218 

river course of Holtemme.  219 

 220 

3.3 Analysis of the slope of FTICR mass peak intensities along the Holtemme river course 221 

The evolution of molecular compositions along the river course was deduced from changes in 222 

relative mass peak intensity versus distance from Holtemme origin; an example plot (Fig. 223 

S5A) covers five representative molecular compositions (three CHO and one CHOS/CHNO 224 

molecules each). The slopes were visualized according to CHO, CHNO, and CHOS 225 

compounds (Fig. 4A). The relative intensity of O-rich&DBE-richComp decreased 226 

considerably (Fig. 4A, section b) along the Holtemme River whereas compounds of near 227 

average unsaturation and oxygenation increased in relative abundance (Fig. 4A, section a). 228 

CHNO of overall smaller chemodiversity than CHO compounds (0.8 < H/C < 1.3; 0.4 < O/C 229 

< 0.7) near continually increased along the Holtemme River (Fig. 4A, section c). While the 230 

majority of CHOS components showed higher extent of oxygenation but near identical 231 

relative unsaturation (1 < H/C < 1.7; 0.4 < O/C < 0.8) than respective CHO compounds (Fig. 232 
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4A, section e), three characteristic CH2-based homologous series of CHOS components 233 

strongly increased downstream (Fig. 4A, section d; Table S6). 234 

The distinct evolution of DOM molecular compositions downstream was visualized by 235 

recognizing only molecular compositions which first appeared at the specific sampling points 236 

2-11 (any composition in site 1 is “new” by definition) and then remained abundant in all 237 

consecutive sampling points downstream (Fig. 4B). The presence of new components (mainly 238 

CHOS) was first observed at site 5 as response to WWTP1. At site 6, the highest number of 239 

new components was detected. The 153 components which were absent in samples 1-5 and 240 

present in samples 6-12 are shown in an additional van-Krevelen diagram (insert). A suite of 241 

CHNO compounds showed considerable oxygenation and unsaturation. In the last 242 

downstream sample from site 12, the many new appearing components represent an inevitable 243 

artefact of the last sampling point; analogous low intensity components are exclusively 244 

observed in any sample but not present in other samples (Riedel and Dittmar, 2014). 245 

Components with the lowest percentage intensity values are not far from signal to noise ratio. 246 

Components present in all samples had the highest intensities whereas components present in 247 

only one sample had comparably low intensities (Table S7). 248 

The overall count of molecular compositions uniformly declined from site 1, reaching a 249 

minimum count at site 4 to grow again to site 6, to then stay nearly constant (Fig. 4c). The 250 

proportions of molecular series also changed: the relative abundance of CHO compounds 251 

declined nearly continually from source to outflow whereas the relative proportion of non-252 

oxygen heteroatom-containing molecules grew in the order CHNOS < CHNO < CHOS 253 

compounds, with a decisive onset from site 4 (Fig. S2). While the average C/N ratio levelled 254 

off from site 6, the C/S ratio more gradually declined along the river course (Table S5). With 255 

recognition of the sharp increase in abundance of CHNO, CHOS and CHNOS compounds 256 

from site 6 downstream (Fig. 4c), another HCA was computed based solely on these 257 

molecular compositions which were present in all samples from site 6 to site 12 (Fig. S3). 258 
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Here, samples from sites 6 and 7 were quite similar while all remaining samples (8 – 12) 259 

clustered distinctly. The attendant van Krevelen diagram showed that these compounds were 260 

of average oxygenation and fairly unsaturated; the relative unsaturation as expressed by the 261 

average H/C ratio and the overall chemodiversity declined in the order CHOS > CHNO ~ 262 

CHNOS components. 263 

Group-specific results showed a decrease of O-rich&DBE-richComp from sample 1 – 5 (Fig. 264 

5a). The group highly unsaturated O-poor componentsand the group highly unsaturated O-265 

rich (1 < H/C < 1.5) both increased from sample 1-4, the first one increased further to sample 266 

5 but the latter one decreased from sample 4 – 5.  Regarding CHOS components, all 267 

components with steep increases along the lines d1, d2 and d3 in Fig. 4A were not detectable 268 

between sites 1-4. They increased steeply after the first WWTP, decreased at sites 6 and 7 269 

(except for C17H26O5S), and showed a strong increase again downstream the second WWTP. 270 

CHNO and CHNOS showed mainly different behaviour to the d1, d2 and d3 CHOS (Fig. S6). 271 

 272 

3.4 1H NMR spectra 273 

All 1H NMR spectra of Holtemme SPE-DOM from sites 1-12 showed broad superimposed 274 

NMR resonances typical of a fairly processed riverine organic matter. However, groups of 275 

relatively sharp aliphatic and aromatic NMR resonances indicative of rather early stages of 276 

DOM processing were more abundant in the upstream region. All SPE-DOM featured a high 277 

aliphaticity with a substantial proportion of open chain aliphatic carboxylic acids (cf. below). 278 

The evolution of the 1H NMR section integrals along the river course appeared inconspicuous 279 

(Table S7): a rather marginal decline of purely aliphatic units (CCCH) was compensated to a 280 

minor extent by an increased abundance of functionalized aliphatics (OCCH) while 281 

oxygenated aliphatic units (OCH) remained nearly constant (Fig. S9; Table S9). 282 

HCA and PCA resulted in a clear distinction of sites from sites 1 and 2 against all other 283 

samples (Fig. S10), while the further evolution of DOM along the river course was not 284 
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governed by a straight process. The distinction of SPE-DOM 1 probably reflected genuine 285 

contributions from natural input of phenolic- and lignin-rich materials from a pristine forest 286 

environment which also caused an elaborate and abundant array of OCH3 groups (Table S9; 287 

Fig. S11a; Fig. S12). SPE-DOM 2 was dominated by a uniquely abundant and rather specific 288 

lipid-like component resonating at the positions δH ~ 0.90, 1.24-1.35, 1.55-1.63, 2.03 and 2.17 289 

ppm which showed resolved J-couplings. This is indicative that these distinct NMR features 290 

arose from only a few compounds. These abundant lipid-like components relatively 291 

attenuated the amplitude of all other  background NMR resonances typical  for natural organic 292 

matter which reflected a higher diversity of directly (OCH) and remotely (OCnH; n ≥ 2) 293 

oxygenated aliphatic branching motifs in general. A direct comparison of SPE-DOM from 294 

sites 1 and 2 (Fig. S12) demonstrated that apart from the unique set of lipid-like compounds, 295 

the section of common NOM molecules was far less oxygenated at site 2 than at site 1 while 296 

still showing an appreciable diversity of aliphatic branching motifs (Hertkorn et al., 2015).  297 

Values of 1H NMR section integrals with 0.01 ppm resolution were related to the river 298 

distance of the 12 sites (see Fig. S5B for five examples) resulting in a slope over the river 299 

stretch for each integral. A comparison of area-normalized 1H NMR spectra at full resolution 300 

revealed significant trends of DOM structure-chemical evolution along the river course which 301 

were not available from 1H NMR section integrals (Fig. 6). In summary, open chain aliphatics 302 

of a limited structural diversity which comprised mainly variants of HOOC-CHα-CHβ-CHγ-303 

CHδ…CH3 units produced groups of relatively sharp NMR resonances which were more 304 

abundant in the headwaters than downstream. These hugely superimposed NMR resonances 305 

were caused by a mixture of many open-chain branched aliphatic carboxylic acids and 306 

resonated at rather specific positions [δH(CHα) ~ 2.1-2.4 ppm; δH(CHβ) ~ 1.6 ppm; δH(CHγ) ~ 307 

1.35 ppm; δH (CHδ,ε) ~ 1.3 ppm; δH(CH3) ~ 0.89 ppm] (Hertkorn et al., 2015). These 308 

prominent NMR resonances became gradually attenuated while broad NMR resonances 309 

ranging from δH ~ 0.9 – 2.8 ppm and 3.4-4.3 ppm near continually grew in abundance when 310 
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proceeding downstream from source to mouth (Fig. 6C; Fig. S11a,b). These broad NMR 311 

resonances represented an enormous diversity of aliphatic compounds with alicyclic rings 312 

(Meckenstock et al., 2014) and remote oxygen substitution (OCnH; n > 2) at δH ~ 0.9-2.0 ppm 313 

(Fig. S11a,b), HOOC-CHα- units characteristic of carboxyl-rich alicyclic molecules (CRAM; 314 

Hertkorn et al., 2006) and other carboxylic acids at δH ~ 2.2-2.8 ppm, and oxygenated 315 

aliphatic units (OCH) at δH ~ 3.3-4.8 ppm (Fig. S11a,b).  316 

 317 

3.5 Bacterial abundance and production and their correlation to DOM quality 318 

The abundance of planktonic bacteria started with low values in headwaters, showed a first 319 

increase between sites 4-5, and a larger increase between sites 7-8 (Fig. 7). Planktonic BP was 320 

lowest in the headwaters of Holtemme (sites 1 and 2) and increased at sites 3, 5 and 9, the 321 

cell-specific BP was highest at site 3 and decreased downstream. The longitudinal variability 322 

of biofilm bacterial abundance was lower than that of planktonic bacteria with a maximum 323 

value at site 5.The longitudinal dynamics of biofilm BP and cell-specific biofilm BP was not 324 

very pronounced. The assimilable organic carbon ranged from 0.02 to 0.2 mg C L-1 and 325 

showed particularly high values at sites 5 and 10. Abundance and BP of planktonic bacteria 326 

were positively related to fluorescence and freshness index of DOM and negatively to 327 

humification index and SUVA whereas no relationships were found for cell-specific BP 328 

(Table S10). Biofilm abundance and BP as well as AOC did not correlate to DOM 329 

fluorescence. Planktonic abundance showed very strong positive correlations to FTICR MS 330 

components with low O/C and high H/C ratios and very strong negative correlations to 331 

components with high O/C and low H/C ratios (Fig. 8). Planktonic BP was less strongly 332 

related to these groups, and cell-specific BP showed only few significant correlations (Fig. 333 

S15). Biofilm abundance and BP showed few specific positive relationships to components 334 

with H/C ≥ 1 and different O/C and negative ones to components with H/C < 1 and O/C < 0.5. 335 

The AOC was negatively related to very few components. The Spearman correlations 336 
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considering components present at at least 7 sites were also strongest for planktonic 337 

abundance and BP for CHO, CHNO, and particularly CHOS components whereas 338 

correlations to biofilm BP were moderate and to biofilm abundance and AOC were weaker 339 

(Fig. S14a-c). Parameters of bacterial abundance and activity were also correlated to section 340 

integrals of 1H NMR spectra (Fig. 9). Planktonic abundance and BP were mainly positively 341 

related, particularly at δH ~1.0-5.0 ppm and δH ~6.5-9.0 ppm. Biofilm abundance and BP 342 

showed positive rank correlation coefficients at δH ~1.0-2.8 ppm and δH ~6.5-8.0 ppm. In 343 

contrast, AOC showed mainly negative rank correlation coefficients.  344 

 345 

4. Discussion 346 

Insights in DOM dynamics from bulk optical parameters and elemental composition  347 

Several studies investigated the effect of agricultural land use on DOM quality in rivers by 348 

measuring its optical properties. Usually, the humification index (HIX) as a measure of 349 

terrestrial DOM decreased and the freshness index (β/α) as a measure of autochthonous DOM 350 

increased with an increase of agriculture in the catchment (Graeber et al., 2015). As a 351 

consequence of changing DOM quality, the partial pressure of CO2 in water was higher in 352 

agricultural streams compared to forest streams, it was negatively correlated to molecular size 353 

and allochthonous DOM (Kamjunke et al., 2013; Bodmer et al., 2016). In the Holtemme 354 

River, DOC concentration was highest in the headwaters and remained rather constant after 355 

an initial decrease. The humification index decreased by a factor of three from forest to 356 

agricultural catchments whereas the freshness index doubled along that reach which is typical 357 

in streams (e.g., Williams et al., 2010; Kamjunke et al. 2015; Ejarque et al., 2017).  358 

Joint analyses using structural and optical properties of DOM in combination were recently 359 

applied to investigate DOM quality with molecular resolution (Lavonen et al., 2015; Hertkorn 360 

et al., 2016; Herzsprung et al., 2017) and we also correlated fluorescence indices and FTICR 361 

MS results for the Holtemme (e.g., positive correlation between O-rich&DBE-richComp and 362 
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HIX and SUVA; Fig. S8). We observed O-rich&DBE-richComp (Fig. 3) with high molecular 363 

weight (Table S4) in headwaters of the Holtemme which were found also for soil organic 364 

matter at forested sites (Seifert et al., 2016). The relative abundances of O-rich&DBE-365 

richComp decreased downstream in the Holtemme. The high upstream concentrations, which 366 

are confirmed by high HIX values, might be explained by the large proportion of forests and 367 

wetlands in the upper catchment which are usually a source of such highly oxygen-rich and 368 

aromatic components. The decrease of O-rich&DBE-richComp concentrations downstream 369 

had four potential causes: photodegradation (Stubbins et al., 2010; Riedel et al., 2016), 370 

dilution, precipitation with iron minerals (Dadi et al., 2017), and mixing with a tributary 371 

containing different DOM quality. Biodegradation of  O-rich&DBE-richComp is less 372 

important in these fast flowing cold headwaters as these components are assumed to be 373 

relatively recalcitrant in the dark (Riedel et al., 2016) whereas dilution play a role in the 374 

upstream part of Holtemme (Fig. 2).  375 

 376 

Process analyses by combination of structural information and elemental composition 377 

1H NMR spectra demonstrated that the main structural changes of SPE-DOM from source to 378 

mouth comprised a very significant oxidation of riverine SPE-DOM which referred to an 379 

increasing abundance of both direct oxygenation products (OCH-units) and, even more 380 

significant, carboxylation (R-CHn-COOH units). The introduction of oxygen imposes remote 381 

substituent effects on δH up to four bonds away. The superposition of much more numerous 382 

different aliphatic chemical environments in the downstream reaches eventually produced 383 

even more continual, broad NMR resonance envelopes at the expense of intense NMR 384 

resonances originating from oxygen-depleted simple aliphatic branching motifs (Fig. 6C). 385 

Broad NMR resonances poor in distinct features are characteristic of a highly processed 386 

organic matter like those found in downstream SPE-DOM. The diversification of aliphatic 387 

components along the river stretch corresponded well with the increased abundance of rather 388 
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aliphatic components with high H/C and low O/C ratios observed by FTICR MS. The slight 389 

decrease of aromatic components indicated by NMR was in accordance with the decrease of 390 

O-rich&DBE-richComp with low H/C and high O/C shown by FTICR MS. 391 

Stoichiometry of DOM was shown to alter with changing land use (Gücker et al., 2016). 392 

Holtemme River showed higher proportions of CHNO, CHOS and CHNOS compounds in 393 

urbanized and agricultural areas compared to forest catchments (Fig. S2) in line with previous 394 

results (Wagner et al., 2015). The observed increase in relative abundance of single CHOS 395 

compounds and the group CHOS1 O-poor downstream the WWTP (Fig. 5, Fig. S6) 396 

corresponds to highly abundant CHOS compounds found in effluent organic matter by 397 

Gonsior et al. (2011). The CHOS derived mass peaks with highest abundances in effluent 398 

organic matter could be attributed to anthropogenic surfactants such as linear alkyl benzene 399 

sulfonates, their co-products dialkyl tetralin sulfonates and their biodegraded metabolites such 400 

as sulfophenyl carboxylic acids (Gonsior et al., 2011; Wang et al., 2018). As an example, the 401 

component C14H20O5S is potentially a sulphenyl carboxylic acid and C15H20O5S a dialkyl 402 

tetralin sulfonate intermediate (Gonsior et al., 2011). The molecular complexity can be 403 

increased in effluent organic matter (Tseng et al., 2013). In contrast to the CHOS, the increase 404 

of CHNO compounds (Fig. 4; Fig. S6) and the appearance of some CHNO compounds at site 405 

6 (Fig. 4B) in Holtemme River can be explained by diffuse sources from agriculture. This was 406 

confirmed the increase of CHN1O and CHN2O group between samples 5 and 6 (Fig. S6). 407 

CHNO were also reported to originate from effluent organic matter (Mesfioui et al., 2012). 408 

Several CHNO components increased after both WWTPs (e.g., C14H17N1O8; Fig. S6), 409 

however, WWTPs seemed to be a minor source for CHNO compared to agriculture. As 410 

sampling was performed under base flow conditions when the relative contribution of point 411 

sources is expected to be high compared to diffuse sources, the importance of agricultural 412 

CHNO import into the Holtemme River should be even higher at high discharge. 413 

 414 
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DOM diversity: natural decline versus increase by human activity and microbial oxygenation 415 

 The river continuum concept (RCC) (Vannote et al., 1980) proposed maximum molecular 416 

diversity of DOM in headwaters and a continual decrease of DOM molecular diversity 417 

downstream (Vannote et al., 1980). Fragmentation of ecosystems in mountainous headwater 418 

streams contributes to differences in DOM formation conditions on very small spatial scales, 419 

leading to increased molecular diversity (Mosher et al., 2015; Lynch et al., 2019) whereas 420 

larger water bodies such as higher order streams are subject to mixing, attenuation of 421 

gradients and equilibration of DOM formation conditions.  This predicted pattern was 422 

confirmed by the results in the upper part of Holtemme River: DOM diversity based on 423 

FTICR mass spectrometry showed the highest number of compositions at site 1 (n = 2396) 424 

and remarkably declined toward site 4 (n = 969; Fig. 4c). NMR spectra demonstrated 425 

dominance of certain aliphatic branching motifs in the headwaters of Holtemme River (Fig. 426 

6C). This does not necessarily imply the presence of a restricted count of diverse molecules 427 

but it means that the majority of these molecules share a certain set of oxygen-deficient 428 

aliphatic branching motifs (Hertkorn et al., 2015). NOM is commonly more oxygenated than 429 

biological metabolites and it carries significantly higher proportions of quaternary carbon 430 

atoms (Lam et al., 2007). Headwater DOM features mainly forest-derived organic matter 431 

which primarily consists of lignin- and tannin derived biogeochemical organic molecules of 432 

decent oxygenation and often lipid-derived common biomolecules which are highly aliphatic, 433 

with a low average degree of oxygenation. Therefore, initially produced DOM shows an 434 

intermediate degree of unsaturation and a relative depletion of heteroatoms.  435 

However, the number of components increased again toward site 7 (n = 2543) and stayed 436 

nearly constant further downstream (Table S4). In-stream algal-derived primary production 437 

initially generates primarily aliphatic and rather oxygen-deficient lipid-derived metabolites 438 

(apart from fast cycling carbohydrates which are poorly retained by SPE and also do not 439 

ionize well in negative ESI). However, continual breakdown of larger size molecules and 440 
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aggregates is accompanied by progressive bacterial oxidation of riverine DOC and POC. 441 

Here, oxygen is introduced on a massive scale to produce carboxyl-rich alicyclic molecules 442 

(CRAM; Hertkorn et al., 2006; Lam et al., 2007), materials derived from linear terpenoids 443 

(MDLT; Lam et al., 2007; Arakawa et al., 2017) and many other oxidation products with an 444 

overall higher compositional and structural diversity than found in the starting materials. In 445 

Holtemme River, human activities like agriculture and WWTP probably have contributed to 446 

introduction of CHNO, CHOS and CHNOS compounds into riverine DOM (Fig 4B; Table 447 

S4) some of it also through groundwater input (Graham et al., 2018).  448 

In the most downsteam reaches of Holtemme, it becomes progressively more difficult to 449 

determine changes in the composition (by FTICR-MS) and structure (by NMR) of riverine 450 

DOM. Evolved DOM is subject to a myriad of biochemical transformations which 451 

nevertheless are dominated by a very few nominal transformations (Moritz et al., 2017) such 452 

as e.g. hydroxylation (±O), methylation (±CH2), (de)hydration (±H2O), glycosylation 453 

(±C6H12O6), (de)acetylation (±C2H2O) and carboxylation (±CO2) which are imposed on 454 

already pre-existing DOM molecules. With an appreciable coverage of the compositional 455 

space already in place (Hertkorn et al., 2008), the vast majority of these reactions will project 456 

on compositions already present in the mixture (Fig. S13).  457 

 458 

Compound-specific links to bacterial activity 459 

Low values of planktonic BP were observed in the headwater sections at high DOC 460 

concentrations since the DOM was dominated by O-rich&DBE-richComp. The quality of the 461 

DOM was obviously more important than its concentration which had also been reported by 462 

Shi et al. (2016). The planktonic BP was enhanced with  rising nitrate concentration (site 3), 463 

and it further increased downstream of the two WWTPs (from site 4 to 5 and from site 7 to 8). 464 

Planktonic abundance and BP were particularly correlated to oxygen-poor CHOS components 465 

released by the WWTPs (Fig. S14c). In Maine (US), decreased proportions of humic-like 466 
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allochthonous DOM and increased abundance of bioavailable autochthonous DOC amounts in 467 

urbanized streams doubled the DOC decay rate and increased the activity of carbon-acquiring 468 

enzymes (Parr et al., 2015). In headwaters, microbial bioavailability of DOM was greater in 469 

urbanized streams with decreasing proportions of humic-like DOM and increasing 470 

proportions of protein-like DOM (Hosen et al., 2014). In contrast, the long-term bacterial 471 

growth did not mirror the longitudinal dynamics of BP in our study, it was high at WWTP A 472 

at site 5 (but not at WWTP B) followed by a subsequent decrease and downstream a weir (site 473 

10) where the stagnant water might have changed bacterial community composition. Usually, 474 

effluents of WWTPs increase the number of live bacteria, extracellular enzyme activity 475 

(Perujo et al., 2016), leucine aminopeptidase activity, and respiration (Aristi et al., 2015) 476 

compared to the upstream sites.  477 

Planktonic BP increased with decreasing HIX and increasing β/α as already observed for the 478 

whole Bode catchment (Kamjunke et al., 2015). Lower HIX and higher β/α values had 479 

suggested an enhanced BP in agricultural streams previously (Williams et al., 2010). This 480 

could be corroborated by many negatively correlated FTICR MS components with planktonic 481 

BP. Of those many were O-rich&DBE-richComp which are shown to positively correlate with 482 

the HIX (Fig. S6) as confirmed by literature (Lavonen et al., 2015; Herzsprung et al., 2017). 483 

The positive correlation of planktonic BP to β/α can be explained by many positively 484 

correlated components with more aliphatic character (H/C > 1 for most of them). Negative 485 

correlation may either mean that the component was more consumed if BP was high or that 486 

BP was inhibited. Simple correlations alone would not enable distinction of these two types of 487 

DOM processing. Biofilm BP showed less variability compared to planktonic BP and was not 488 

related to bulk DOM characteristics such as HIX and β/α as described before (Kamjunke et 489 

al., 2015). With the recognition of FTICR MS-derived molecular compositions, only few 490 

correlations were found for biofilms which was true also for long-term bacterial growth. The 491 

mainly positive slopes of NMR intensities over the river stretch in the range δH ~1-5 ppm 492 
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(Fig. 6C) coincided with mainly positive correlations between the respective NMR section 493 

integrals and planktonic and biofilm BP (Fig. 9). This indicates that the increase of NMR 494 

components was positively related to BP. The increase of NMR slopes in downstream 495 

direction between δH ~7-8 ppm positively correlated with planktonic and biofilm BP 496 

indicating a microbial production of aromatic carboxylic acids.  497 

 498 

5. Conclusion 499 

While the massive dislocation of oxygen observed in DOM along the river course of river 500 

Holtemme probably occurred from natural causes operating in pristine rivers, sizable 501 

proportions of CHOS, CHNO and CHNOS compounds were introduced in downstream 502 

reaches by anthropogenic activities. The decrease of DOM diversity in the upper part of 503 

Holtemme (hypothesis 1) was predicted by the river continuum concept (RCC) and reflected 504 

the transition from fragmented ecosystems in Holtemme headwaters with a high diversity of 505 

DOM formation conditions to a larger water body with attenuated gradients, extensive mixing 506 

and more uniform conditions. The influence of the WWTPs was apparent by an increase of 507 

the freshness index, decreasing oxidation state of carbon, and an increase of several CHOS 508 

components. Mass spectrometry and NMR spectroscopy of DOM along the Holtemme river 509 

course revealed relationships between DOM composition and bacterial activity which were 510 

not available from fluorescence indices (hypothesis 2). Further research should clarify the 511 

relative contributions of pristine in-river processing of DOM and competing anthropogenic 512 

influences on the evolution of CHOS, CHNO and CHNOS compounds. 513 
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Fig. 1: Map of the investigated river stretch showing 12 main sampling sites, additional 707 
sampling sites, tributaries, waste water treatment plants, land use, and the position within 708 
Germany (insert). 709 
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Fig. 2: Longitudinal dynamics of discharge and DOM properties : DOC concentration, FI: 711 
fluorescence index, β/α: freshness index, HIX: humification index, SUVA: specific UV 712 
absorption, OSc: oxidation state of carbon, O/C and H/C ratios.  Dashed lines mark the 713 
WWTPs.  714 
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Fig. 3:  Inter sample-ranks of FTICR MS components comparing all 12 samples, with highest 716 
ranks 1-2 indicated by ellipsoids for clarity. 717 

 718 

  719 
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Fig 4: FTICR MS-derived evolution of DOM along Holtemme river course. Panel A: van 720 
Krevelen diagrams derived from the slopes of relative mass peak intensities along the river 721 
stretch sorted according to CHO, CHNO and CHOS molecular series. For attribution of 722 
section cf. main text and for attribution of CHOS-based molecular series d1-4 cf. Table S6. 723 
Panel B: counts of compositions and relative proportions of CHO, CHOS, CHNO and 724 
CHNOS molecular series present in the given sampling point and in all consecutive sampling 725 
points downstream (cf. text), providing a relevant measure of relative persistence and 726 
emphasis of differences in DOM compositions between adjacent sampling points. At site 6, 727 
the suite of CHNO compounds showed considerable oxygenation and unsaturation as depicted 728 
in the van-Krevelen diagram (insert). c) number of FTICR MS components at 12 sampling 729 
sites. 730 

731 
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Fig. 5: Longitudinal dynamics of several groups of FTICR MS components (top left) and of 732 
CHOS components of lines d1-d3 (see Fig. 4). Red lines mark the WWTPs. 733 
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Fig. 6: 1H NMR spectra (800 MHz, CD3OD) of SPE-DOM (PPL) of sites 1-12. Panel A: 735 
overlay of area-normalized 1H NMR spectra of SPE-DOM; panel B: example 1H NMR 736 
spectrum of SPE-DOM of site 5. Panel C: slopes of NMR section integrals with 0.01 ppm 737 
resolution as computed from area-normalized 1H NMR spectra along the river course from 738 
source to outflow; positive/negative slopes indicate growth/decrease in relative abundance 739 
along the river course (cf. text). 740 
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Fig. 7: Longitudinal dynanics of bacterial abundance, bacterial production (BP), cell-specific 742 
BP of plankton and biofilm bacteria, and assimilable organic carbon. Dashed lines mark the 743 
WWTPs. 744 
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Fig. 8: Significance levels of the rank correlations between FTICR MS components present in 746 
all samples and bacterial abundance, bacterial production and assimilable organic carbon. 747 
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Fig. 9: Rank correlation coefficients between 1H NMR section integrals (0.01 ppm) and 749 
bacterial abundance, bacterial production and assimilable organic carbon (coeffitions <-0.576 750 
and >0.576 are significant at p<0.05). 751 
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