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Rivers carry large amounts of dissolved organic matter (DOM) to the oceans thereby
connecting terrestrial and marine element cycles. Photo-degradation in conjunction
with microbial turnover is considered a major pathway by which terrigenous DOM is
decomposed. To reveal globally relevant patterns behind this process, we performed
photo-degradation experiments and year-long bio-assays on DOM from ten of the
largest world rivers that collectively account for more than one-third of the fresh water
discharge to the global ocean. We furthermore tested the hypothesis that the terrigenous
component in deep-sea DOM may be far higher than biomarker studies suggest,
because of the selective photochemical destruction of characteristic biomolecules from
vascular plants. DOM was molecularly characterized by a combination of non-targeted
ultrahigh-resolution mass spectrometry and quantitative molecular tracer analyses. We
show that the reactivity of DOM is globally related to broad catchment properties. Basins
that are dominated by forest and grassland export more photo-degradable DOM than
other rivers. Chromophoric compounds are mainly vascular plant-derived polyphenols,
and partially carry a pyrogenic signature from vegetation fires. These forest and grassland
dominated rivers lost up to 50% of dissolved organic carbon (DOC) during irradiation,
and up to 85% of DOC was lost in total if subsequently bio-incubated for 1 year.
Basins covered by cropland, on the other hand, export DOM with a higher proportion
of photo-resistant and bio-available DOM which is enriched in nitrogen. In these rivers,
30% or less of DOC was photodegraded. Consistent with previous studies, we found
that riverine DOM resembled marine DOM in its broad molecular composition after
extensive degradation, mainly due to almost complete removal of aromatics. More
detailed molecular fingerprinting analysis (based on the relative abundance of >4000
DOM molecular formulas), however, revealed clear differences between degraded
riverine and deep-sea DOM (molecular Bray-Curtis dissimilarity of ~50%). None of our
experimental treatments enhanced the molecular similarity between the rivers and the
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Molecular Signatures in World River DOM

deep ocean. We conclude that terrigenous DOM retains a specific molecular signature
during photo-degradation on much longer time scales than previously assumed and
that substantial, thus far unknown, molecular transformations occur prior to downward
convection into the deep oceanic basins.

Keywords: dissolved organic matter, world rivers, photo-degradation, bio-degradation, ultra-high resolution mass

spectrometry, lignin, black carbon

INTRODUCTION

Rivers and streams transport large amounts of carbon to the
oceans thereby connecting the terrestrial with the marine carbon
cycle (Aufdenkampe et al., 2011; Raymond and Spencer, 2015).
About 0.25 Pg of dissolved organic carbon (DOC) is carried
annually via the riverine pathway into the global coastal ocean
(Hedges et al., 1997; Dai et al., 2012). During transport of riverine
dissolved organic matter (DOM), biotic and abiotic processes
alter DOM concentration and composition (Cole et al., 2007).
Mineralization turns large parts of DOM into dissolved inorganic
carbon, part of which is evaded to the atmosphere as CO;
(Lapierre et al., 2013; Raymond et al., 2013; Koehler et al., 2014).
Once released from soils into aqueous environments, a
portion of DOM is quickly turned over by microorganisms
(Ward et al., 2013), but some compounds resist immediate
decomposition and are not degraded in year-long incubation
experiments (Vihitalo and Wetzel, 2008). Many of the
terrigenous compounds that escape fast microbial degradation
are aromatic in nature. For instance, pyrogenic polycyclic
aromatics are among the most resistant forms of organic matter
in soils and aqueous environments (Santin et al., 2016). Most
aromatic compounds absorb ultraviolet (UV) radiation and
are thus susceptible to photo-degradation. Therefore, photo-
degradation plays a major role in the fate of terrigenous DOM
in sunlit surface waters (Osburn et al., 2009; Stubbins et al.,
2010; Cory et al., 2014), and affects the quantity and composition
of DOM. The oxidation of DOM yields inorganic carbon and
nutrients such as ammonium (Miller and Zepp, 1995; Miller
and Moran, 1997; Graneli et al., 1998; Vihitalo et al., 2003;
Lapierre et al., 2013). Besides the direct terminal oxidation, the
formation of low molecular weight compounds such as pyruvate,
maleic or fumaric acid has also been observed (Mopper et al.,
1991; Gerdes et al.,, 1997). As a result, the transformation of
DOM into more bio-available substrates stimulates microbial
growth thereby enhancing the effect of abiotic photo-chemical
oxidation of DOM (Mopper et al., 1991; Lindell et al., 1995;
Miller and Moran, 1997; Vihitalo and Wetzel, 2008; Aarnos
et al, 2012). Exposure to UV radiation may also decrease
microbial activity (Tranvik and Bertilsson, 2001), possibly due
to radiation-induced damage to the organisms (Karentz et al.,
1994), transformation of bio-labile DOM into recalcitrant forms
(Obernosterer et al., 1999), photo-mineralization of bio-available
DOM (Obernosterer and Benner, 2004) or the production of
inhibitory substances (Lund and Hongve, 1994).
Exposure to sunlight and subsequent
decomposition particularly affect those compounds that are
typical for a terrestrial origin, mainly polyphenols. Therefore,

microbial

after extensive photo- and microbial degradation, terrigenous
DOM resembles marine DOM in its molecular composition
(Dittmar et al., 2007; Stubbins et al., 2010; Rossel et al., 2013). The
combined effect of photo- and microbial degradation seems to
result in the accumulation of refractory molecules that share very
similar molecular structures, independent of their original source
(Jaffé et al., 2012). A universal, source-independent molecular
character of the residuals of organic matter degradation in
aquatic systems would have major implications. Degradation
pathways, rather than the original source would determine the
long-term fate of DOM in the ocean, and source assignment via
molecular tracers would become more and more difficult in the
progression of organic matter degradation.

Here, we address this topic by studying the impact of
intense photo-degradation and year-long biodegradation on
the molecular composition of DOM from ten of the largest
world rivers. The results provide an overall pattern of DOM
composition on a global scale that can be used to infer
degradability and transformation of freshwater DOM and
ultimately define the fate of riverine DOM in the sunlit
hydrosphere. The studied rivers account for about one third
of the global freshwater discharge to the oceans, and integrate
characteristics of DOM from the watersheds covering 25% of
global land area in five continents across contrasting biomes
and latitudes. The DOM molecular composition of these large
rivers varies systematically with land use (Wagner et al., 2015).
In particular, the proportion of cropland has a major influence
on the presence of nitrogen and sulfur in riverine DOM (Wagner
et al,, 2015). Here, we examined the same samples as in Wagner
et al. (2015). Each river was sampled once during the season of
peak discharge. Due to logistical reasons, the samples had to be
transported to the laboratory unfiltered and at environmental
temperature and had to be stored after filtration at 4°C for
different time spans before they were further processed. The
samples thus represent a snapshot in time, and at least a fraction
of the most bio-labile DOM had been degraded prior to further
experiments and analyses. Despite these inherent limitations,
systematic variations of the molecular DOM composition as a
function of land cover and land use had been preserved (Wagner
et al., 2015).

In order to disentangle the molecular imprints of microbial
and photo-degradation, sequential experiments were conducted
with the 10 river samples. First, samples were irradiated
with artificial sunlight to remove essentially all light-absorbing
(chromophoric) DOM, and afterwards, the photo-irradiated
samples were incubated for 1 year with natural riverine microbial
communities. All experiments were accompanied with dark
controls. In natural sunlit waters, microbial and photo-chemical
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FIGURE 2 | Van Krevelen plots of the most intense molecular formulas from the 10 initial river samples (2167 formulas, see methods for details). Each
dot represents one molecular formula. Color coded are correlation coefficients of the signal intensities of a given molecular formula vs. bio- and photo-reactivity of
each sample (A DOC, % of initial, Table 1), optical and molecular properties, respectively. The numbers in the individual panels are the numbers of molecular formulas
that correlated positively (4) and inversely (—) with the respective parameter, on ap < 0.05 (n = 10, r > 0.54) level, if not otherwise stated. The percentages show the
proportion of nitrogen (N) or sulfur (S) containing molecular formulas that correlated positively (+) and inversely (—) with the respective parameter. Note, that for the
reasons discussed in the main text, the correlation patterns of bio-degradation and DBC/DOC are very similar (but inverse), and there is a large similarity between
photo-degradation and CDOM/DOC. (A) A DOC (% of initial) of the bio-degradation experiment (“‘D+") vs. FT-ICR-MS signal intensity. To illustrate general trends
despite the overall weak correlation, numbers in this panel are for a p < 0.10 significance level (n = 10, r > 0.44). (B) A DOC (% of initial) of the photo-degradation
experiment (“L”) vs. FT-ICR-MS signal intensity. (C) A DOC (% of initial) of the bio-degradation experiment that followed photo-degradation (“L+") vs. FT-ICR-MS signal
intensity. (D) CDOM/DOC ratio vs. FT-ICR-MS signal intensity. (E) DBC/DOC ratio vs. FT-ICR-MS signal intensity.
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FIGURE 3 | Molecular compositional changes induced by bio- and photo-degradation. (A) Principle component analysis (PCA) score plot showing the first
(52% variance explained) and second component (24% variance explained). Crosses represent average values (+95% confidence interval) for the different
experimental settings. Replicate analysis (n = 8) of DOM from North Equatorial Pacific Intermediate Water (NEqQPIW) sample is included. (B) Loadings of PCA axis 1
plotted vs. mass to charge ratio (m/z) for each of the 4048 molecular formulas considered. (C) Loadings of PCA axis 2 plotted vs. mass to charge ratio (m/z) for each
of the 4048 molecular formulas considered. (D) Loadings of PCA axis 1 plotted in van Krevelen space for each of the 4048 molecular formulas considered. (E)
Loadings of PCA axis 2 plotted in van Krevelen space for each of the 4048 molecular formulas considered.
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phase extraction (SPE) technique. While SPE via PPL adsorbers
is one of the most efficient desalting techniques for natural
DOM, in terms of carbon recovery (>50%) and complete
removal of salt (Green et al., 2014), small ionic molecules and
colloidal matter are not efficiently retained and are thus lost from
the analytical window (Hawkes et al., 2016). Accordingly, the
DOC extraction efficiency dropped from an average of 56% for
initial and dark control samples to 35% after photo-irradiation.
After subsequent bio-incubation, close to 50% of DOC was
again recovered via solid phase extraction. This provides clear
evidence for the production of bio-labile, low-molecular mass
compounds during the photo-degradation experiment. This is
consistent with the observed production of bio-labile DOM
of low molecular weight during photodegradation experiments
(Bano et al,, 1998; Remington et al, 2011) and in the field
(Lambert et al., 2016). The consumption of low-molecular

mass compounds during bio-incubation was also evident
on a molecular formula level. The shift in molecular size
induced by photo-incubation was partially inverted during the
subsequent bio-incubation (Figure 4H). Thus, low-molecular
mass compounds were preferentially consumed over high-
molecular mass compounds. This was observed in the incubation
both with photo-irradiated and non-irradiated samples.
Different from a previous low-energy irradiation experiment
with Amazon River water, where oxygen-rich aromatics where
preferentially removed (Seidel et al., 2015), we observed the
opposite trend (Figure 3E), i.e., low-oxygen compounds were
preferentially destroyed, similar to Kujawinski et al. (2004).
A major reaction pathway in the photo-oxidation of DOM is
decarboxylation (Xie et al., 2004). In principle, this reaction
should result in a lower O/C ratio of the residual DOM, but
at the same time new oxygen-containing functional groups can
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FIGURE 4 | Box-Whisker-Plots of the molecular composition after the experimental treatments of the ten river samples, including North Equatorial
Pacific Intermediate Water (NEqPIW, n = 8 replicates). The percentages are the FT-ICR-MS signal-intensity weighted contributions of the various compound
groups. The definition of the compound groups and abbreviations are given in the Material and Methods section. (A-E) Percentage of the various molecular
compound groups, including all heteroelements (O, N, S, and P). (F,G) Percentage of those molecules that contained N or S. (H) Average molecular mass.
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be produced during photo-oxidation (Xie et al, 2004). The
labile compounds with low O/C that disappeared during our
irradiation experiment likely received an oxygen substituent
and became more oxidized. Kendrick mass defect analysis
(Stenson et al.,, 2003) supports this explanation that addition
of oxygen atoms indeed occurred, and that at the same time
oxygen was removed from some compounds via decarboxylation
reactions. More details on the Kendrick mass defect analysis
are provided in the supplementary information (Figure S3).
Apparently, decarboxylation occurs quickly during the first
stages of photo-degradation (Seidel et al., 2015), whereas the
addition of additional oxygen is a subsequent reaction, causing
a net shift toward higher O/C ratios in DOM on the longer term
(this study). Consistent with our observations from FT-ICR-MS,
lignin-derived phenols are oxidized when exposed to sunlight,
and an increase of the acid to aldehyde ratio of lignin phenols
likely results from the incorporation of oxygen during irradiation
(Hernes and Benner, 2003).

After irradiation, the relative abundance of N-containing
compounds increased (Figure 4F). Photo-nitration is a possible
explanation for this (Vione et al., 2014). For example, nitration
of chlorophenols has been observed in the Rhone River delta
as a result of the irradiation-induced formation of nitrogen
dioxide radicals (Chiron et al., 2007). Photochemical reactions
can also incorporate ammonium into dissolved organic forms
(Kieber etal., 1997). Some of these photo-produced N-containing
compounds were bio-labile and removed in the subsequent bio-
incubation (Figure 4F).

Is There a Universal Molecular Signature of
Resistant DOM across the Major World

Rivers and the Deep Ocean?

Multiple studies have made the observation that photo-
irradiation shifts the molecular signature of terrigenous DOM
toward that of marine DOM (Dittmar et al., 2007; Stubbins
et al., 2010; Rossel et al., 2013). The removal of characteristic
terrigenous molecules by photo-degradation complicates the
identification of terrestrial DOM in the ocean (Stubbins et al,,
2010). Furthermore, it was suggested that the combined effects of
photo- and microbial degradation may result in the accumulation
of refractory molecules that share very similar molecular
structures, independent of their original source (Jaffé et al,
2012). Convergence into a universal molecular composition in
the course of degradation would imply that the long-term fate of
DOM in the ocean is essentially source-independent.

At a first view, these previous observations were confirmed
in our study. Overall trends in the molecular composition
of DOM following irradiation with simulated sunlight were
remarkably consistent between all ten rivers. Polyphenols
(Figure 4D), condensed polycyclic aromatics (Figure 4E) and
CDOM (Table 1) were preferentially removed over bulk DOC
leaving behind DOM with a marine-like character, very similar
to that of the old Pacific water mass (NEqQPIW), included in
our analysis. Also the frequency of molecular formulas on O/C
and H/C scales in the photo-resistant component of DOM
in the rivers was very similar to that of the marine sample
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FIGURE 5 | Comparison of FT-ICR-MS data with quantitative analysis
of dissolved black carbon (DBC). FT-ICR-MS signal-intensity weighted
percentages of the “polycyclic aromatics” group are plotted vs. DBC/DOC
ratios (% carbon).

(Figure 6). An example of a single nominal mass (Figure S4)
also suggests minimal differences between the photo-irradiated
and marine DOM. Other molecular characteristics, however,
showed a divergence of riverine and marine DOM due to
the experimental treatment. Most notable, riverine compounds
had on average much lower molecular masses than marine
compounds (Figure 4H). Photo-degradation further increased
this difference between riverine and marine (Figure 3), leaving
a photo-resistant component behind that was more dissimilar
to marine DOM in terms of molecular size. The rivers also
contained much less nitrogen- and sulfur-containing compounds
than the marine sample, and this difference only marginally
changed due to the combined effect of photo- and bio-
degradation (Figures 4F,G).

For a more quantitative evaluation of the molecular
dissimilarities across the different samples, we performed a Bray-
Curtis dissimilarity analysis. This approach takes into account
the presence and absence of molecular formulas and their
signal intensity distribution, i.e. the entire molecular fingerprint
obtained by FT-ICR-MS. Replicate analysis of NEqQPIW were
dissimilar to about 5% on the Bray-Curtis scale. The initial river
samples were dissimilar among each other to 17% (standard
deviation £ 6%), and dissimilar to the marine NEqQPIW sample
by 48% (£5%). Surprisingly, the dissimilarity between samples
remained unchanged at all stages of our experiments, and the
bio- and photo-degraded samples (“L+”) were 20% (£6%)
dissimilar among each other and 46% (£7%) dissimilar from
marine NEqQPIW. Even for the most recalcitrant compounds in
our experiment, i.e. those compounds that were photo- and bio-
resistant (Table S2), the level of dissimilarity was still identical (19
=+ 7% between rivers, and 42 &+ 7% between rivers and NEqQPIW).

The same picture emerges from PCA analysis (Figure 3A).
Photo-degradation moved the river samples away from NEqPIW
on axis 1, and toward NEqQPIW on the axis 2. The second
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FIGURE 6 | Frequency abundance plot of the molecular formulas present in all of the photo-resistant fractions of the 10 rivers, compared to the
molecular formulas detected in all of the 8 replicates of North Equatorial Pacific Intermediate Water (NEqPIW). The definition of “photo-resistant” is given
in Table S2. (A,B) Frequency abundance distribution as a function of O/C ratio (C,D) Frequency abundance distribution as a function of H/C ratio (E,F) Frequency
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axis represents largely the removal of aromatic compounds
(Figure 3E), the first axis shifts in molecular mass (Figure 3B).
To test whether the broad shift in molecular mass was the only
reason for the differences between photo-irradiated and marine
DOM, we repeated the PCA with a modified data set. This
modification consisted of the removal of the broad molecular
mass shift by normalizing each molecular formula to the sum
of intensities of the respective nominal mass. In addition to
this, only those molecular formulas were considered that co-
occurred in all samples (n = 852). Even after this brute removal
of variability between samples, the differences between riverine
and marine DOM were preserved at all stages of experimental
treatment (Figure S5). Thus, it is not only the molecular mass
distribution, but all differences (as summarized in Figure 4, and

others) that contribute to the molecular dissimilarity between
samples.

Despite this overall high level of molecular dissimilarity, there
was a very clear relationship between molecular dissimilarity
and reactivity (Figure 7). The reactive component in DOM
was molecularly very dissimilar between the rivers and to
NEqPIW (Figures 7C,D). In other words, each river had a
unique group of compounds that was labile or produced,
despite the clear overall trend discussed in the previous section.
The only exceptions were the Congo and Amazon Rivers
whose photo-labile component shared a high level of similarity
(Figure 7C), possibly because of their similarity in climate
and vegetation. In all rivers, the reactive components shared
no molecular similarity with marine DOM (Figures 7C,D),
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FIGURE 7 | Bray-Curtis dissimilarity matrices of the molecular formulas detected in the different reactivity fractions (for definition see Table S2) of the
ten rivers, under consideration of FT-ICR-MS signal intensities. For comparison the marine sample was included, under consideration of the same molecular
formulas as in each reactivity fraction. (A) Photo-resistant molecular formulas, signal intensities from experiment “L” were used. (B) Photo-bio-resistant molecular
formulas, signal intensities from experiment “L+” were used. (C) Photo-labile molecular formulas, signal intensities from “initial” samples were used. (D)
Photo-produced molecular formulas, signal intensities from experiment “L” were used. Abbreviations: AM, Amazon River; CO, Congo River; DA, Danube River; GA,
Ganges Brahmaputra River; LE, Lena River; ME, Mekong River; MI, Mississippi River; PA, Parana River; SL, St. Lawrence River; YA, Yangtze River; NEgPIW, North
Equatorial Pacific Intermediate Water. Note that the “L+” experiment was not performed with Danube River water.

indicating that these compounds had efficiently been removed  correct that the molecular composition of DOM converges in
on their long journey into intermediate depths of the North  the course of degradation, irrespective of its original source, and
Pacific. Compared to the reactive component of DOM, the rivers  that there is a universal molecular composition of recalcitrant
shared a relatively high molecular similarity in their resistant =~ DOM, different time scales and processes must be involved
component (Figures 7A,B). This component potentially resists  than considered in all experiments performed in this context to
large-scale transport in the ocean. However, the large molecular  date.

dissimilarity even of this resistant riverine fraction with the

marine sample indicates substantial molecular transformation

prior to downward convection into the deep basins of thek AUTHOR CONTRIBUTIONS

oceans. Autochthonous marine DOM seems to dominate the

molecular composition of NEqPIW. It is possible that the AV designed sampling and performed photo- and bio-
different microbial communities in fresh and marine waters  degradation experiments. Molecular analyses were done by JN,
may cause molecular transformations in DOM that remained TR, TD (FT-ICR-MS and black carbon), RS and PH (lignin).
uncovered in this study. Long-term molecular transformationsin ~ Statistical analyses were done by MZ, TR, and TD. The
the ocean may also result in almost complete loss of terrigenous ~ manuscript was written under the lead of TD and TR, with the
DOM (Opsahl and Benner, 1997). But if the hypothesis is  contribution of all authors.
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