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Estuaries as connectors of freshwater and marine aquatic systems are hotspots of

biogeochemical element cycling. In one of the best studied temperate estuaries, the

Delaware Estuary (USA), we investigated the variability of dissolved organic matter (DOM)

over five sampling cruises along the salinity gradient in August and November of 3

consecutive years. Dissolved organic carbon (DOC) concentrations were more variable

in the upper reaches of the estuary (245 ± 49µmol DOC L−1) than at the mouth

of the estuary (129 ± 14µmol L−1). Bulk DOC decreased conservatively along the

transect in November but was non-conservative with increased DOC concentrations

mid-estuary in August. Detailed analysis of the solid-phase extractable DOM pool via

ultrahigh resolution mass spectrometry (Fourier-transform ion cyclotron resonance mass

spectrometry, FT-ICR-MS) revealed compositional differences at the molecular level that

were not reflected in changes in concentration. Besides the mixing of terrestrial and

marine endmember signatures, river discharge levels and biological activity impacted

DOM molecular composition. DOM composition changed less between August and

November than along the salinity gradient. Relative contributions of presumed photolabile

DOM compounds did not reveal non-conservative behavior indicative of photochemical

processing, suggesting that on the timescales of estuarinemixing photochemical removal

of molecules plays a minor role in the turbid Delaware Bay. Overall, a large portion

of molecular formulae overlapped between sampling campaigns and persisted during

estuarine passage. Extending the analysis to the structural level via the fragmentation of

molecular masses in the FT-ICR-MS, we found that the relative abundance of isomers

along the salinity gradient did not change, indicating a high structural similarity of aquatic

DOM independent of the origin. These results point toward a recalcitrant character of

the DOM supplied by the Delaware River. We demonstrate that in addition to bulk DOC

quantification, detailed information on molecular composition is essential for constraining

sources of DOM and to identify the processes that impact estuarine DOM, thereby

controlling amount and composition of DOM eventually discharged to the ocean through

estuaries.
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INTRODUCTION

Large amounts of terrigenous organic matter are channeled
through rivers and estuaries into the oceans—approximately
0.25 × 1015 g are transported in the form of dissolved organic
carbon (DOC) annually (Hedges et al., 1997). The true amount
of the DOC exported from land is likely higher as some regions
(for example northern high-latitude rivers, Holmes et al., 2011),
diffuse flows and flood events (Cole et al., 2007; Raymond
and Saiers, 2010) are not well constrained to date. During
transit, the size and composition of the riverine dissolved organic
matter (DOM) pool is transformed through a multitude of biotic
and abiotic processes. Despite decades of research on estuarine
and coastal DOM cycling, we still lack understanding of the
mechanisms and magnitudes of these modifications, thereby
possibly resulting in misinterpretation of characteristics of the
riverine DOM discharged to the coastal seas and ultimately
reaching the deep ocean (Bauer and Bianchi, 2011).

Generally, bulk DOC concentrations decrease along estuaries
from the river to the ocean while at the same time, the
composition of the DOM pool changes. On molecular level, the
aromaticity of the DOM decreases (Abdulla et al., 2013), while
molecular weight, carbohydrate content (Abdulla et al., 2010),
heteroelement content (Sleighter and Hatcher, 2008) and lability
increase (D’Andrilli et al., 2015) with increasing salinity. Positive
and negative deviations from a conservative mixing line defined
by high-DOC river water and the low-DOC marine endmember
are frequently observed (Cadée, 1982; Middelburg and Herman,
2007; Sharp et al., 2009). Estuaries are complex systems where,
in addition to mixing of fresh- and marine waters, diffuse
sources such as subterranean groundwater discharge (Taniguchi
et al., 2002), aeolian and anthropogenic input (Liu et al., 2005;
Tzortziou et al., 2015) add to the intricacy of biogeochemical
cycling. Abiotic processes shaping the DOM pool along the
estuarine gradient of pH, ionic strength and turbidity include the
adsorption on and desorption from mineral surfaces (Keil et al.,
1994; Mayer, 1994), flocculation (Eisma, 1986), aggregation or
precipitation. Loss of organic carbon from the dissolved phase
in the estuarine turbidity maximum (e.g., Miller, 1999), where
the concentration of particulate organic carbon is usually the
highest, is accompanied by a loss in aromaticity and nitrogen-
containing compounds, as these compounds are preferentially
adsorbed (Aufdenkampe et al., 2001; Riedel et al., 2012).
Photodegradation processes, although generally thought to be
minor in riverine systems due to the low transmission (Spencer
et al., 2009), exhibit the highest impact on aromatic moieties of
terrestrial origin (Stubbins et al., 2010). By decreasing the average
molecular weight and increasing the contribution of aliphatic
compounds, the bioavailability of the DOM can increase through
photochemically mediated breakdown of molecules especially in
tropical regions (Medeiros et al., 2015b). Biological processes,
in temperate regions influenced by seasonality, such as selective
uptake and transformation by heterotrophic microbes (Azam
et al., 1994; Bourgoin and Tremblay, 2010), as well as addition
of compounds via autochthonous production (Pennock and
Sharp, 1986) likewise shape the estuarine DOM pool. Medeiros
et al. (2015b) for example showed that phytoplankton-derived

DOM inputs introduce saturated compounds in the tropical
Amazon plume. DOM export by the Yukon River to the
Bering Sea was highly stable over seasons, with enhanced
DOM photo- and biolability in spring due to higher inputs of
carbohydrates and aromatic moieties (Cao et al., 2016). Previous
studies have furthermore shown that the DOC concentration
in rivers increases with discharge (Schiff et al., 1998; Raymond
and Saiers, 2010), superimposing the influence of most other
environmental drivers. At high discharge, riverine DOM
composition tends to carry a stronger terrigenous signal (Spencer
et al., 2008). A similar observation was made by Medeiros
et al. (2015a) who found strong seasonal variability in molecular
DOM composition in the marsh-dominated Altamaha-Doboy-
Sapelo estuary. This variability was driven mainly by river
flow, leading to a stronger terrigenous signature at high
discharge.

In our study, we investigate estuarine carbon cycling in the
tidal Delaware River and Bay, located on the east coast of
the USA. The freshwater flow into the estuary is dominated
by the Delaware River, which supplies nearly 60% of the
freshwater to the bay; the Schuylkill and other smaller rivers
supply another 14% (Sutton et al., 1996). In total, these rivers
account for >80% of freshwater input into the estuary. The
water column of the Delaware Estuary is usually well-mixed,
although stratification can build up near the mouth of the
bay, particularly during summer (Garvine et al., 1992). The
bay has an estimated flushing time of about 80 to 180 days
(Ketchum, 1952; Sharp et al., 1982; Cifuentes et al., 1990).
In parts heavily urbanized, its waters carry a high nutrient
loading from the Philadelphia area and saline waters reach
as far as ∼125 km from the mouth (Biggs et al., 1983). The
estuary has been extensively monitored over the last 30 years
with a focus on carbon and nutrient fluxes (Sharp et al.,
2009). Different sources of the DOM and particulate organic
matter (POM) have been identified along the estuary: isotope
and biomarker studies of ultrafiltered DOM have identified
a terrestrial signal in the river and turbid middle estuary
transitioning to a more algal and zooplankton-dominated signal
in the lower estuary and coastal ocean (Mannino and Harvey,
1999, 2000b). Further compositional changes of the DOM pool
have been examined at the level of chemical classes, e.g., total
amino acids and polysaccharides (Hoch and Kirchman, 1995;
Mannino and Harvey, 2000a; Kirchman and Borch, 2003), which
in addition to mixing of marine and terrestrial signatures reveal a
seasonal imprint as well as processing in the estuarine turbidity
maximum. Of the rivers draining into the Middle Atlantic
Bight, the Delaware River however carries a high proportion
of allochthonous DOC and aged carbon (Hossler and Bauer,
2013).

We characterized the main drivers of DOM concentration
and composition between August and November over 3
years (five sampling cruises) along the salinity gradient of
the Delaware estuary, thereby allowing inferences about
the modified terrestrial signal ultimately reaching the
Atlantic Ocean. In addition to bulk DOC concentrations,
we assessed the compositional variation of solid-phase
extractable (SPE) DOM using ultrahigh resolution mass
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spectrometry (Fourier-Transform Ion Cyclotron Resonance
Mass Spectrometry, FT-ICR-MS), which allowed the assignment
of thousands of different molecular formulae to a water sample
(Stenson et al., 2003; Koch et al., 2005, 2007). Further, we applied
collision-induced fragmentation to reveal possible structural
changes within the SPE-DOM pool along the salinity gradient
that might be hidden on molecular formula level. The different
levels of analytical resolution provided unprecedented insight
into the DOM cycling in the Delaware estuary. Overall, we
used the new opportunities presented by FT-ICR-MS to build
on the previous body of work in the Delaware and other study
systems and to gain a more detailed understanding of DOM at
the molecular level.

MATERIALS AND METHODS

Site Description and Sample Collection
Sampling was carried out from about 160 km upstream from
the mouth of the estuary to a station just outside of the
Delaware Bay during five cruises over three years (November
7–10 2011, August 9–13 2012, November 12–16 2012, August
3–7 2013, and November 18–21 2013). Water was obtained
by a CTD rosette-mounted Niskin bottle from ∼0.5m depth.
Ammonium, nitrate, phosphate, and silicate concentrations were
measured with a SEAL Analytical AA3 Continuous Segmented
Flow Analyzer using standard procedures (Sharp et al., 2009).
The concentration of total chlorophyll a was estimated in
acetone extracts by fluorometry. Light attenuation was estimated
from the intensity of photosynthetically active radiance over a
depth profile measured with a Biospherical PNF-210 radiometer.
A microcentrifuge approach was used to estimate leucine
incorporation (added concentration of 20 nM) (Kirchman,
2001). Sampling locations and environmental parameters are
summarized in Table S1 and Figure S1.

River discharge at Trenton and Schuylkill gage stations
was obtained from the USGS Water Information System
(waterdata.usgs.gov). We calculated the sum of discharge for
7, 14, 28, 56, and 112 days before the start of each sampling
campaign and found the same general trend (Figure S2).
The summed discharge of 112 days was chosen for further
calculations because it lies well within the residence time of the
estuary which is between 80 to 180 days (Ketchum, 1952; Sharp
et al., 1982; Cifuentes et al., 1990).

Dissolved Organic Matter Analysis
For quantification and molecular analysis of the DOM, water
was filtered through precombusted glass fiber filters (GF/F,
Whatman), acidified to pH 2 with 25% HCl (p.a. grade), and
stored at 4◦C in the dark before being shipped to Germany for
analysis. Concentrations of DOC and total dissolved nitrogen
(TDN) were measured via high temperature catalytic oxidation
on a Shimadzu TOC-VCPH analyzer equipped with a TDN
module. Accuracy and precision were monitored with consensus
reference material (DSR, D. Hansell, University of Miami) and
were better than 5%. DON was estimated by subtracting nitrate
and ammonium concentrations from TDN. The DOMwas solid-
phase extracted according to Dittmar et al. (2008) using 1 g

PPL columns (Agilent Bond Elut), and the resulting methanol
extracts were stored at −20◦C in the dark. The concentration of
extractable DOCwas determined from the extracts after complete
removal of the methanol and dissolution in ultrapure water.
Methanol extracts were diluted to a DOC concentration of 20mg
C L−1 in a methanol:water mixture of 1:1 (v/v) and submitted to
Fourier Transform Ion Cyclotron Resonance Mass Spectrometry
on a solariX FT-ICR-MS (Bruker Daltonik GmbH) equipped with
an electrospray ionization source (Bruker Apollo II) applied in
negative mode. 500 scans in a mass window from 150 to 2000 Da
were accumulated and molecular formulae were calculated with
the following restrictions: 12C1-1301H1-200O1-5014N0-4S0-2P0-1 to
masses above themethod detection limit after Riedel andDittmar
(2014). Additionally, masses detected in less than three samples
were removed prior to further analysis.

Each sample was normalized to the sum of FT-ICR-MS signal
intensities and corrected for dilution per sample. The modified
aromaticity index (AImod, Koch and Dittmar, 2006 as corrected
and reported in the erratum published in 2016), double bond
equivalents (DBE) and weighted molar ratios were calculated
for each sample. The molecular formulae were assigned to
compound groups according to their O/C and H/C ratios as
described in Seidel et al. (2014). Here, the seven main groups
with their subcategories include (1) polycyclic aromatics (PCA,
AImod > 0.66) subdivided into PCA containing more than 15 C
atoms indicative of dissolved black carbon, PCA with less than
15 C atoms, or PCA containing a heteroelement; (2) polyphenols
(0.5 < AImod ≤ 0.66) with high (O/C ≥ 0.5) or low oxygen (O/C
< 0.5) content; (3) highly unsaturated aliphatics (AImod ≤ 0.5,
H/C < 1.5, O/C < 0.9) with high (O/C ≥ 0.5) or low (O/C <

0.5) oxygen content; (4) unsaturated aliphatics (1.5 < H/C ≤ 2,
O/C < 0.9, N = 0) with high (O/C ≥ 0.5) or low (O/C < 0.5)
oxygen content; (5) saturated fatty acids (H/C > 2, O/C < 0.9)
with or without heteroelements; (6) carbohydrate-like formulae
(O/C > 0.9) with or without (N,S,P= 0) heteroelements; and (7)
peptide-like molecular formulae (1.5 < H/C < 2, O/C < 0.9, N
> 0). The assignment of a formula to a compound class is not
unambiguous since the grouping does not take into account all
possible isomers. Calculated and intensity-weighted molecular
composition and molecular categories per sample are provided
in Table S1.

In order to investigate the structural DOM composition along
the salinity gradient, we fragmented six nominal masses of two
homologous series (m/z 269, 283, 297, 341, 365, and 379 Da) of
three samples from the sampling campaign in November 2012
(salinities 0.8, 14.7, and 30.7) via collision-induced fragmentation
in the FT-ICR-MS. The nominal masses were chosen to compare
to a previous publication using the same approach (Osterholz
et al., 2015), to span a broadmass range and to have a high relative
signal intensity suitable for fragmentation. The November 2012
cruise was chosen for the fragmentation experiment as the DOC
concentrations behaved conservatively, being representative of
the conditions in the estuary most of the time except for
bloom or very high discharge conditions. For the fragmentation,
methanol extracts were diluted to a DOC concentration of 60mg
C L−1 in a methanol:water mixture of 1:1 (v/v). The collision
voltage was chosen to yield similar signal intensities of the
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most intense fragments and varied between 13 V and 18 V.
150 scans were accumulated for each analysis performed in
duplicates. Molecular formula assignment to fragmentation mass
spectra was done as described above.We identified 423 fragments
resulting from the neutral losses of H2O, CH4O, 2H2O, CO2,
CO2+H2O, CO2+CH4O, 2CO2, 2CO2+H2O, 2CO2+CH4O,
3CO2, 3CO2+H2O or 3CO2+CH4O. Only molecular formulae
that were detected in the two replicate analyses were analyzed in
further detail. The relative signal intensity of each fragment ion
was divided by the sum of the intensities of all major fragment
signal intensities plus the precursor ion signal intensity for
better comparison between samples. The normalized fragment
intensities were then grouped by neutral loss and compared
between samples.

Statistical Analysis
Conservative mixing lines (Figures 1, 2) were constructed using
the respective mean concentrations/values of the two samples of
highest and lowest salinity. The deviation of each sample from
the theoretical mixing line was then calculated and averaged
over the whole transect. A high value therefore represents a high
variability of the parameter in relation to the values expected for a
conservative mixing scenario, similar as described in Seidel et al.
(2015a).

Multivariate statistical analyses were performed using R
(version 3.2.2) and the package vegan (Oksanen et al., 2015).
All analyses were run on normalized intensities of signals with
molecular formula assignment which were corrected for dilution.
Four extraction efficiencies (on carbon basis) above 100 and
below 40% were likely erroneous and were replaced by the
average value of extraction efficiencies of other samples (67%).
Principal coordinate analyses (PCoA) were performed on Bray
Curtis distance matrices (Bray and Curtis, 1957). Environmental
vectors were fitted to the respective PCoA scores using the envfit
function in the vegan package. Spearman rank correlations were
calculated between single molecular formulae intensities and
environmental parameters. Only correlations between a formula
and an environmental parameter with a p< 0.01 were considered
in further analysis and discussion. The non-parametricWilcoxon
rank-sum test was used for comparisons between groups of
samples.

RESULTS

Environmental Characterization of the
Delaware Bay
DOC, TDN and nitrate concentrations as well as turbidity
generally decreased along the salinity gradient (Figure 1,
Figure S1). Several biological parameters influenced by water
temperature and light availability varied greatly between the two
months (August and November) we sampled. These parameters
included microbial abundance, chlorophyll a concentration and
leucine incorporation as well as silicate concentrations (Figure 2,
Figure S1). Freshwater discharge did not vary consistently
between the two seasons.

Most environmental parameters deviated from conservative
mixing along the salinity gradient. Nitrate concentrations,

for example, were always high in the oligohaline zone,
decreasing toward the ocean with a negative deviation from
conservative mixing at intermediate salinities. Most of the total
dissolved nitrogen in the Delaware estuary is inorganic. DON
concentration did not vary consistently along the estuarine
salinity gradient or with season.

Silicate concentrations were depleted at the freshwater end of
the estuary in August, while in November concentrations were
high because the river contributes large amounts of dissolved
silicate into the estuary. Chlorophyll a concentration (Figure 2)
and leucine incorporation (Figure S1) differed between the two
campaigns that took place in August, yet covaried significantly (ρ
= 0.82, p < 0.01) with highest values observed in the oligo- and
polyhaline zones in August 2013 and overall high values during
August 2012.

DOC concentrations decreased linearly (conservatively)
during estuarine mixing in November (Figure 1). In August,
however, changes in DOC concentrations were non-conservative;
deviations from conservative mixing were significantly higher
in August than in November (Wilcoxon rank-sum test, p <

0.01). Overall, DOC concentrations were more variable at the
freshwater end; the coefficient of variation (CV) at low salinity
was 20% (salinity < 1, mean DOC 245 ± 49µmol L−1, n
= 14) while it was 11% in marine waters (salinity > 30,
mean DOC 129 ± 14µmol L−1, n = 14). At salinities of
less than 1, DOC concentrations were significantly lower in
August than in November by 1.4-fold (Wilcoxon rank-sum test,
p < 0.01). DOC concentrations in marine waters did not vary
substantially between the 2 months. DOC concentrations at the
high or low salinity extremes did not correlate significantly with
discharge.

A turbidity maximum was apparent at salinities between
0 and 5 during all cruises; turbidity then decreased toward
the ocean. Turbidity patterns were neither related to discharge
nor revealed an impact on phytoplankton growth or DOC
concentration.

Dissolved Organic Matter Molecular
Composition
In the whole dataset consisting of 121 solid-phase extractedDOM
samples, 12666 unique molecular formulae (MF) within the mass
range of 154–885 Da were identified. Of those, 3093 MF (24%)
were present in all 121 samples. Further, 78% of all MF were
detected at least once during each of the five cruises. Considering
each cruise separately, 34–45% of the MF were observed in every
sample (November 2011: n= 22, August 2012: n= 26, November
2012: n= 25, August 2013: n= 26, November 2013: n= 22).

Principal coordinate analysis was performed on a Bray-
Curtis dissimilarity matrix (Bray and Curtis, 1957) calculated
using relative signal intensities of all samples (Figure 3). The
two major axes of variation together encompassed almost
80% of the variability of the dataset. Salinity was highly
positively correlated to principal coordinate PC1 (ρ = 0.78,
p < 0.001, Figure 1), whereas silicate and DOC concentration
were negatively correlated with PC1 (ρ = −0.95 and −0.57,
respectively, p < 0.001). Discharge was strongly associated
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aromaticity index; HU, percentage of highly unsaturated compounds. Solid lines represent conservative mixing lines calculated using averages of the two samples of
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section Materials and Methods).

with PC2 (ρ = −0.75, p < 0.001, Figure 4), the second
axis of variation comprising 25% of the variability of the
DOMmolecular data.Microbial abundance, bacterial production

(leucine incorporation) and chlorophyll a concentration were
correlated with the third and/or fourth PCs, encompassing 6 and
3% of the variation in the data, respectively (Figures S3, S5E,F).
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Three environmental parameters (salinity, discharge,
chlorophyll a concentration) were chosen for a more detailed
investigation of changes in molecular DOM composition. These
three parameters each represent one group of co-correlating
environmental variables identified via hierarchical clustering
(Figure S4).

Almost half of all identified molecular formulae, capturing 85
± 5% of the total signal intensity of each sample, decreased in
intensity with increasing salinity. The overall aromaticity of the

SPE-DOM, assessed via the modified aromaticity index AImod,
strongly decreased (Figure 1, Table 1). A molecular formulae
based measure for terrigenous input, Iterr proposed by Medeiros
et al. (2016), decreased from ∼0.5 at the freshwater end to
∼0.2 in the most marine waters and was highly negatively
correlated with salinity (ρ = −0.79, p < 0.001). The relative
contribution of sulfur to DOMmolecular composition exhibited
a weak relationship with salinity, overall decreasing toward the
ocean. SPE-DOM N-containing molecular formulae, average
molecular mass and H/C ratio all increased with increasing
salinity (Figure 1, Figures S5A,B, Table S1). The relative
abundance of highly unsaturated compounds, representing the
largest compound class, likewise increased. The index for labile
compounds above the molecular lability boundary (MLB) of H/C
> 1.5, the MLBwL proposed by D’Andrilli et al. (2015), slightly
increased toward the ocean for all cruises except in November
2012 (ρ = 0.23, p < 0.05).

At high discharge in the Delaware Bay, we found high
values for O/C ratio, molecular mass and highly unsaturated
compounds (Figure 4). The subgroup of oxygen-rich highly
unsaturated compounds emphasizes this trend (Figure 4,
Table 1, Figures S5C,D). We observed only a slight increase in
aromaticity, while the Iterr did not correlate significantly with
discharge (p > 0.05). The MLBwL was highly negatively linked
with discharge (ρ = −0.80, p < 0.001). About 2000 molecular
formulae were positively affected by discharge and another 3000
were negatively affected, in total accounting for ∼60% of total
signal intensity (Table 1).

Chlorophyll a concentration and microbial activity were
highly correlated; therefore only chlorophyll a was chosen for
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TABLE 1 | Characteristics of molecular formulae correlating positively (POS) or negatively (NEG) with salinity, discharge and chlorophyll a concentration

as well as of those molecules exhibiting no correlation to either one of the three environmental parameters.

Salinity Discharge Chlorophyll a No correlation

NEG POS NEG POS NEG POS

MF 5690± 848 353± 96 2171± 180 2981± 999 162± 12 604± 258 471±126

MW 371± 19 399± 10 302± 8 481± 13 334± 10 430± 27 414±12

C 17.79± 0.81 17.69± 0.37 15.16± 0.44 21.56± 0.65 17.51± 0.47 18.04± 1.37 18.86±0.68

H 20.40± 0.91 22.72± 0.55 20.18± 0.66 23.53± 1.30 22.45± 0.69 20.47± 2.32 25.33±1.17

O 8.24± 0.62 8.54± 0.29 5.73± 0.21 12.04± 0.31 6.08± 0.26 10.66± 0.64 9.07±0.26

N 0.21± 0.02 1.87± 0.04 0.33± 0.06 0.33± 0.05 0.22± 0.05 1.23± 0.08 0.82±0.06

S 0.104± 0.021 0.065± 0.027 0.149± 0.037 0.059± 0.011 0.053± 0.023 0.201± 0.049 0.150±0.031

P 0.001± 0.001 0.004± 0.004 0.004± 0.002 0.004± 0.002 0.007± 0.005 0.008± 0.006 0.057±0.029

O/C 0.47± 0.02 0.48± 0.01 0.39± 0.01 0.57± 0.01 0.35± 0.01 0.60± 0.02 0.50±0.01

H/C 1.15± 0.04 1.29± 0.01 1.32± 0.01 1.08± 0.05 1.27± 0.02 1.13± 0.08 1.34±0.02

AImod 0.32± 0.02 0.18± 0.01 0.25± 0.01 0.30± 0.03 0.30± 0.01 0.26± 0.06 0.16±0.02

DBE 8.7± 0.6 8.3± 0.1 6.2± 0.1 11.0± 0.6 7.4± 0.2 9.4± 0.8 7.6±0.2

Compound classes (% of total)

PCA 2.7± 0.8 0± 0 0.4± 0.2 2.9± 1.2 1.6± 0.7 0.9± 0.7 0.3±0.2

PCA < C15 1.2± 0.4 0± 0 0.4± 0.2 0.6± 0.3 1.6± 0.7 0.0± 0.1 0±0

PCA ≥ C15 1.4± 0.6 0± 0 0± 0 2.3± 1.0 0± 0 0.8± 0.6 0.3±0.2

PCA-X 2.7± 0.7 0.1± 0.1 1.9± 0.4 1.2± 0.6 0.2± 0.2 11.5± 5.8 2.6±1.5

PP 14.0± 2.4 1.0± 0.7 8.1± 0.9 11.7± 3.9 5.4± 1.6 8.2± 3.5 3.5±1.2

PP O-rich 43± 1.4 0± 0 0.3± 0.1 8.0± 2.9 0.3± 0.1 5.9± 3.2 0.3±0.2

PP O-poor 9.7± 1.4 1.0± 0.7 7.9± 0.9 3.7± 1.1 5.1± 1.6 2.2± 0.7 3.2±1.2

HU 72.1± 3.3 95.0± 2.0 69.5± 2.0 83.1± 5.3 88.4± 3.3 69.2± 7.8 70.2±3.3

HU O-rich 28.3± 3.8 35.0± 3.0 9.9± 1.3 59.9± 3.4 1.4± 0.4 61.7± 7.4 31.2±3.0

HU O-poor 43.8± 4.0 59.9± 2.9 59.6± 2.5 23.2± 4.0 87.0± 3.7 7.5± 3.3 39.0±2.6

UA 8.3± 1.9 1.2± 0.6 18.0± 1.5 0.7± 0.3 1.8± 0.7 3.9± 2.1 17.5±2.6

UA O-rich 1.7± 0.4 1.0± 0.5 3.9± 0.5 0.4± 0.1 0± 0 2.2± 0.9 8.2±1.0

UA O-poor 6.6± 1.6 0.2± 0.2 14.2± 1.4 0.3± 0.2 1.8± 0.7 1.7± 1.7 9.3±2.1

FA-X 0.1± 0.0 0.0± 00.1 0.4± 0.3 0.1± 0.1 2.1± 1.4 0.7± 1.0 0.3±0.4

Sugars 0.1± 0.0 0± 0 0± 0 0± 0 0± 0 0.1± 0.1 0.1±0.1

Sugars-X 0± 0 0.3± 0.2 0± 0 0.1± 0.1 0.1± 0.2 0.5± 0.4 0.8±0.3

Peptides 0.1± 0.0 2.4± 0.9 1.5± 0.4 0.1± .0.1 0.3± 0.1 5.1± 2.4 4.6±1.3

Values represent formulae counts (MF), intensity-weighted molecular mass in Dalton (MW), element contribution (C, H, O, N, S, P), molar ratios (O/C, H/C), molecular indices (AImod ,

DBE) and relative contribution to compound classes (PCA, polycyclic aromatics; PCA<15 or ≥15, PCA with less than or more/equal to 15 C atoms; -X, containing heteroelements (N,

S, P); PP, polyphenols; HU, highly unsaturated compounds; UA, unsaturated aliphatics; FA, fatty acids).

further investigation. Overall, chlorophyll a concentration was
variable along the salinity gradient, but consistently displayed
positive deviations from conservative mixing in August and
negative deviations in November (Figure 2). Only a few
molecules varied consistently with chlorophyll a concentration
and accounted for ∼6% of the total signal intensity (Figure
S5E, Table 1). The molecular variation associated with the
chlorophyll a gradient was, however, markedly different from
random correlations as tested with a dataset of normally
distributed, random variables (Figure S5H). During periods of
high phytoplankton biomass and microbial production, DOM
was enriched in N, S, O, unsaturated aliphatics, polyphenolic
compounds as well as sugar- and peptide-likemolecular formulae
(Table 1). To explore the correlations in more detail, the
deviations from conservative mixing of DOC concentrations
and molecular parameters were calculated (1DOC, 1N, 1O/C);

significant increases are shown in Figure 2. The MLBwL and Iterr
did not correlate significantly with chlorophyll a concentrations
(p > 0.05).

The 471± 126 molecular formulae that correlated with one of
the three factors (p > 0.01) accounted for∼3% of the total signal
intensity and were widely distributed over the van Krevelen space
occupied by a typical DOM sample, but were less prevalent in the
low-H/C and high-O/C region (Figure S5G).

Dissolved Organic Matter Structural
Analysis
Fragmentation of six nominal masses from three samples along
the salinity gradient in Nov 2012 was used to detect potential
preferential removal or addition of DOM structural features
along the salinity gradient of the Delaware Estuary. A total of
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423 detected fragments were normalized and grouped by neutral
loss (H2O, CO2, CH4O as well as combinations and multiples
thereof). We did not detect any of the OCH2 functionalities
described by Liu et al. (2011). These neutral losses represent a

component of lignin biopolymers generated from wood extract
and C18-extracted black waters and were thus presumed to occur
in the terrigenous DOM. In pairwise comparisons of the relative
signal intensities per neutral loss, a ratio of 1 indicates that no
differences in neutral losses were observed between samples. This
in turn suggests that a formula with the same molecular mass
has a similar structure, regardless of its sampling location within
the salinity gradient of the estuary. Although there were some
deviations from the ratio of 1 among samples taken at different
salinities, the fragmentation patterns did not differ significantly
(Wilcoxon rank-sum test, p > 0.05, Figure 5).

DISCUSSION

In order to investigate the environmental drivers of DOM
quantity and quality in a temperate estuarine system, we
combined quantitative analysis of DOC concentrations with
ultrahigh resolution mass spectrometric analysis of solid-phase
extractable (SPE) DOM from samples from the entire salinity
gradient of the Delaware estuary over 3 years. The analytical
window provided by the combination of PPL-SPE and FT-ICR-
MS allowed us to examine a large, otherwise inaccessible portion
of the DOM pool; in this study on average 67 ± 6% of the
DOC was captured with our solid-phase extraction method. The
PPL columns used here poorly recover very small and polar
compounds (Raeke et al., 2016), but absorb a wide range of
compounds of varying polarity and are thought to provide a
major fraction of the natural DOM (Green et al., 2014; Li et al.,
2016). The extraction efficiency did not significantly change
along the salinity gradient of the estuary, indicating that our
method captured a reproducible fraction of the estuarine DOM
pool. FT-ICR-MS analysis of our SPE-DOM samples allowed
us to gain valuable information on molecular composition and
explore variation with biogeochemical properties. Additional
insights into DOM structural features were revealed with in-cell
fragmentation.

Mixing of Terrigenous and Marine DOM
along the Salinity Gradient
On its way from soils to the ocean margins, DOM can
undergo transformations in molecular composition that are
not reflected in the DOC concentrations along the salinity
gradient. Besides a slight decrease in molecular formulae richness
(ρ = −0.29, p < 0.01) and the Shannon diversity index (ρ
= −0.44, p < 0.001) along the salinity gradient, condensed
aromatic compounds, AImod, and polyphenols indicating DOM
of terrigenous origin were higher in the low salinity region.
Proportions of highly unsaturated compounds and molecular
mass increased with increasing salinity, as did the contributions
of nitrogen-containing molecular formulae and sugar- and
peptide-like compounds that are thought to be products of more
recent primary production (Amon et al., 2001). Our results
are overall in line with previous studies applying ultrahigh
resolution mass spectrometry to molecularly characterize DOM.
These have shown that DOM tends to become more aliphatic,
has a higher heteroelement content (N, S, P), and contains

Frontiers in Earth Science | www.frontiersin.org 8 November 2016 | Volume 4 | Article 95

http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive


Osterholz et al. DOM Dynamics in the Delaware Estuary

C
O

2
+

C
H

4
O

2
C

O
2
+

C
H

4
O

C
H

4
O

3
C

O
2
+

C
H

4
O

C
O

2
C

O
2

+
H

2
O

C
O

2
+

H
2

O

3
C

O
2

+
H

2
O

H
2

O

2
C

O
2

C
O

2

3
C

O
2

0

1

2

3

I 0
.8

/I
1
4
.7

I 3
0
.7

/I
1
4
.7

I 3
0
.7

/I
0
.8

0

1

2

3

0

1

2

3A

B

C

FIGURE 5 | Fragmentation of 18 nominal masses at different salinities

(0.8, 14.7, 30.7, Nov 2012), resulting in 423 identified fragments.

Boxplots show normalized intensities of fragments grouped by neutral loss;

pairwise comparisons are (A) salinity 30.7 to 0.8, (B) salinity 30.7 to 14.7, and

(C) salinity 0.8 to 14.7. Blue line denotes ratio of 1 in pairwise comparisons of

samples. Relative intensities of averaged neutral losses did not differ

significantly between samples (Wilcoxon rank-sum test, p < 0.01). Box widths

are proportional to the number of observations in the groups.

lower abundances of oxygen-rich molecules along gradients of
increasing salinity in temperate (Sleighter and Hatcher, 2008)
and tropical estuaries (Medeiros et al., 2015b; Seidel et al.,
2015b). Highly unsaturated compounds, however, are thought
to mainly comprise soil-derived “humics” and other highly
unsaturated compounds according to Šantl-Temkiv et al. (2013).
It has to be kept in mind that FT-ICR-MS detects relative signal
intensities and grouping into molecular classes is reported in
proportions, i.e., if one compound class such as the polyphenols
strongly decreases in a sample, another compound class or classes
must increase. The less oxygenated polyphenols decrease more
strongly with increasing salinity than the oxygen-rich subgroup
(Table 1) which includes many phenolic acids. This finding
illustrates that the classification into broad compound groups
does not unambiguously identify the origin and fate of the
molecules. Further, although unsaturated aliphatic compounds
have previously been shown to be abundant in the ocean
supposedly due to the DOM from marine organisms (Sleighter
and Hatcher, 2008; Seidel et al., 2015a), they exhibited no
relationship with salinity in our study.

Data on DON concentration and the molecular composition
data give a different picture about sources of DOM in the estuary.
DON concentrations were similar along the whole transect
whereas increased DON concentrations have been observed
previously in freshwater parts of estuaries (Badr et al., 2008).
However, there was a strong positive correlation between relative
intensities of N-containing molecular masses and salinity (ρ =

0.77, p < 0.001). This is consistent with the hypothesis that
marine DOM is mainly derived from autochthonous production
and contains more heteroelements than DOM from terrestrial
sources (Sleighter and Hatcher, 2008). In addition to a higher N
content of the SPE-DOM molecular formulae, we also observed
a slightly positive correlation between the relative abundance of
P in the assigned molecular formulae and salinity (ρ = 0.18, p <

0.05).
We propose that variation in the endmembers (river and

ocean) is preserved more clearly in the DOM molecular
composition than in DOC concentration. The coefficient of
variation (CV) of DOC concentrations was 20% (245 ± 49µmol
L−1) in waters with salinities <1 and 11% (129 ± 14µmol L−1)
in waters with salinity > 30. In contrast, the CV of the Bray-
Curtis dissimilarity of the SPE-DOM samples was similar for
the low and high salinity samples (35 and 31%, respectively).
Put differently, DOC concentrations decreased along the salinity
gradient and reached similarly low levels in the marine waters
while DOMmolecular composition remained diverse among the
five cruises. This discordance in trends of concentration and
composition could be caused by the removal of DOM fractions
not captured with our SPE-method. A more likely explanation is
the consistent removal or dilution or both of SPE-DOM over the
whole captured mass range, supported by the strong correlation
of DOMmolecular composition with salinity (e.g., Figures 1, 3).

The fact that few molecules increase in relative intensity
toward the ocean indicates that dilution and/or degradation
processes are by far more important than new production
of DOM compounds in shaping DOM composition in this
system. Many compounds present at the freshwater source were
detected along the whole salinity gradient (34–45%, calculated
separately for each cruise). Together with the high percentage
of compounds that were detected repeatedly during each
cruise (78%), these data indicate a common source of DOM
from land that is preserved due to the recalcitrant nature of
these compounds. Hossler and Bauer (2013) indeed report a
high degree of allochthonous (40–96%) and aged DOC (1–
23%) in the Delaware River and Bay. A second possibility
is that some compounds are actually removed while others
with different structures but the same molecular formulae
are produced during the transit through the estuary, thus
masking a lower-level DOM variability in the system (Sleighter
and Hatcher, 2008). Since structure can be deduced from
molecular formula only in extreme cases, i.e., for molecules
with very low H/C ratios (Koch and Dittmar, 2006), we
conducted fragmentation experiments applying FT-ICR-MS/MS
to three samples along the salinity gradient at low, mid and
high salinity of the November 2012 cruise. Collision-induced
fragmentation has been shown to distinguish samples with
similar molecular formulae fingerprints, but different structural
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composition (Osterholz et al., 2015). The neutral losses of
H2O, CO2, and CH4O as well as combinations and multiples
thereof are markedly different in relative intensity and exhibit
ratios up to 4 when comparing relative fragment intensities of
fresh, biologically produced and aged oceanic DOM. The same
neutral losses were detected in the fragmentation experiments
with Delaware Estuary DOM (Figure 5). However, none of the
fragment intensities differed significantly between samples. This
finding indicates that structures in aquatic DOM were highly
similar, irrespective of their origin from marine or terrestrial
sources. For our study, we infer that during estuarine mixing,
there were no changes in DOM composition at the structural
level that were overlooked at molecular formula level.

The Influence of Discharge Levels
During our five sampling campaigns we did not observe
correlations between discharge regimes and DOC
concentrations. This remained true even if only the low-
salinity samples (salinity < 1, n = 14) were taken into account,
which would be most directly affected by discharge. For forested
streams in the eastern United States as well as the Amazon, high
DOC concentrations at the onset of high discharge events and
low DOC concentrations at low discharge have been reported
(Raymond and Saiers, 2010; Ward et al., 2013). Other studies
using a similar analysis approach to the one used here have
detected positive correlations between DOC concentration and
discharge (Raymond and Bauer, 2001; Medeiros et al., 2015b).
The Delaware Estuary in general shows a weak axial salinity
response to freshwater input, probably due to vertical shear flow
dispersion and the action of lateral shear coupled to a strong
lateral salinity gradient (Garvine et al., 1992). DOC, mostly
exhibiting conservative behavior, accordingly showed no strong
influence of discharge.

Although discharge did not affect DOC concentrations
it affected DOM molecular composition. According to
correlation analysis of the principal coordinates, discharge
was identified as the second most important driver of DOM
molecular composition responsible for about a quarter of the
total variability. We observed a pronounced shift in DOM
composition between low/normal discharge situations where
the discharge was around or below the yearly mean flow of
∼ 400m3 s−1 provided by the Delaware and Schuylkill River
(Polis and Kupferman, 1973) and high discharge regimes
(> 400m3 s−1, Figure 4). DOM associated with high river
discharge was enriched in condensed aromatics, oxygen-rich
polyphenols, oxygen-rich highly unsaturated compounds and
a higher AImod, all indicative of higher terrigenous DOM
input (Meyers-Schulte and Hedges, 1986; Koch et al., 2005).
The specific positive correlation with oxygen-rich aromatic
compounds presumably relates to the input of lignin- and
tannin-like compounds with high O/C ratio (Table 1, Figure 4).
Lignins are complex aromatic biopolymers that make up a major
component of vascular plant biomass (Sarkanen and Ludwig,
1971). They are an important component of riverine DOM
(Ertel et al., 1986). Tannins are produced by some algae but
primarily are constituents of higher plant tissue (Hedges and
Weliky, 1989). They are thought to be quickly removed from

aquatic environments via decomposition, precipitation, and
sorption to sediments (Maie et al., 2008). Litterfall and plant
debris are degraded in forest soils, from which rainfall events can
mobilize tannins and lignin, leading to high concentrations in
the Delaware River when discharge is high. The average mass of
the compounds associated with discharge rates was higher than
of those compounds negatively correlating with discharge. This
is opposite of the expected trend as terrigenous SPE-DOM tends
to have a lower molecular weight when compared to marine
DOM analyzed via FT-ICR-MS (Koch et al., 2005; Medeiros
et al., 2015b). Tannins, in molecular weight from 500 to 3000
Da (Bate-Smith, 1968), and lignin polymers of similar or higher
molecular weight increased in abundance at high discharge and
therefore could contribute to this increase in average molecular
mass of the entire DOM pool. Forest and wetland coverage of
the watershed decreases from the upper basin toward the bay
but nevertheless accounts for the major land use of the Delaware
basin (49 and 8%, respectively, Partnership for the Delaware
Estuary, 2012). Forests and wetlands are possible sources for
this terrigenous DOM. Another much debated source of DOC
to the Delaware Estuary are the Spartina alterniflora-dominated
wetlands surrounding especially the lower estuary. Hossler and
Bauer (2012) reported a contribution of carbon originating from
plants with a C4-photosynthetic mechanism to DOC of up to
51% in the Delaware River. Since the production of maize, a
C4 plant, is low in the Delaware watershed, the salt marshes
might be a large source of this C4-organic matter. According
to Benner et al. (1987) and Cifuentes (1991) and references
therein, the marshes do not seem to export large quantities of
organic matter to the estuarine water column. These sources,
however, cannot be deciphered through the methods applied in
our study.

Further, the river tended to carry more S-containing DOM
to the freshwater end of the estuary at low to intermediate
discharge scenarios (ρ = −0.54, p < 0.001, Figure 4, Table 1).
The anthropogenically influenced portion of the Delaware River
(land cover: 26% agriculture, 15% developed land, Partnership
for the Delaware Estuary, 2012) especially in the central
and lower watershed, may introduce dissolved organic sulfur
(DOS) compounds originating from e.g., wastewater input and
agriculture (Gonsior et al., 2011; Wagner et al., 2015), which
would be less diluted at low river discharge. In the same manner,
DOS compounds formed during early diagenesis in sediments
could be released into the water column (Seidel et al., 2014) or
be exported from the salt marshes surrounding the Delaware Bay
(Luther et al., 1986). The Delaware Bay nevertheless carried SPE-
DOS in ranges comparable to less anthropogenically influenced
rivers such as Lena, Amazon and Congo (Wagner et al., 2015).

Seasonal DOM Imprint Due to Biological Processes
The impact of biological processes on DOM concentration and
composition was assessed through chlorophyll a concentration
as a proxy for phytoplankton biomass and bacterial activity
measured via leucine incorporation. Due to their high co-
correlation, these two factors cannot be distinguished in our
correlative approach (ρ = 0.82, p < 0.001). There were
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no significant correlations between DOC and chlorophyll a
concentrations or with leucine incorporation rates.

Only a small portion of molecular formulae comprising
about 6% of the total signal intensity correlated positively
or negatively with chlorophyll a (Table 1). This number is
similar to the percentage of molecular formulae attributed
to phytoplankton and/or biodegradation-related processes in
the Amazon (Medeiros et al., 2015b). The authors report
selective removal of compounds with high O/C ratios via
biodegradation (Sun et al., 1997; Kim et al., 2006) and input of
phytoplankton-derived material of low O/C ratio (Landa et al.,
2014). This was not observed for the Delaware system, where
we found that oxygen-rich polyphenols and highly unsaturated
compounds increased with chlorophyll a concentration. The
higher heteroelement content and occurrence of saturated
compounds are consistent with phytoplankton-derived DOM
(Sleighter and Hatcher, 2008). Phytoplankton classes differed
significantly not only between August and November sampling,
but also between the different years (Kirchman et al., in press),
possibly producing different DOM compounds and thereby
hampering the detection of a uniform “biological signature.”

Abiotic Factors Influencing DOM Composition
At increasing ionic strength, abiotic processes such as
flocculation and absorption to particles may influence DOM
composition (Hernes and Benner, 2003). Selective removal of
terrestrially derived compounds such as humic acids (Fox, 1983;
Ertel et al., 1986) has been reported during estuarine mixing, as
well as sorption of amino acids and dissolved polysaccharides to
particles in the turbidity maximum zone of the Delaware Estuary
(Mannino and Harvey, 2000a). Flocculation with metal salts, for
example, has been shown to selectively remove more aromatic
compounds (Riedel et al., 2012). Cifuentes (1991) proposed the
release of lignin phenols from resuspended sediments in the
turbid regions of the Delaware Estuary. We were not able to
attribute changes in DOC concentration or molecular DOM
composition to adsorption processes in this zone through our
correlative approach, i.e., correlating relative FT-ICR-MS signal
intensities or bulk DOC concentrations with an environmental
factor (here: turbidity). Likely, extensive DOM processing before
it reaches the river and estuary (Goñi and Gardner, 2003),
the small relative contribution of those compound classes to
the total DOC pool, the low spatial resolution of the sampling
points in and around the turbidity maximum and the strong
superimposing signal of the mixing of fresh- and saltwater in
combination all hinder the recognition of a turbidity maximum
signal. In a recent publication, Hermes and Sikes (2016) showed
that POC concentrations are highest in the bottom waters of the
estuarine turbidity maximum and sampling at that depth might
have revealed a stronger imprint of DOM-POM interaction that
are not evident at the 0.5m sampling depth chosen for our study.

Additionally, photochemical processes are known to shape
the DOM pool by removing (condensed) aromatic structures,
especially in rivers with watersheds dominated by forests and
grassland (Hernes and Benner, 2003; Stubbins et al., 2010;
Riedel et al., 2016). This process would yield a negative
concave relationship of, for example, condensed aromatics and
polyphenols, vs. salinity as both sunlight exposure potential and

time increase while the more colored freshwater is diluted along
the estuary. As these compound classes decreased linearly along
the salinity gradient, there was no evidence of a significant
contribution of photochemical alteration to estuarine DOM
processing in the Delaware Estuary. Further, we analyzed the
relative contribution of molecular formulae identified as photo-
labile, photo-resistant and photo-produced by Stubbins et al.
(2010) for the Congo River, but no pattern indicative of
photochemical alteration emerged (data not shown).

In line with our findings, no large in situ sources or sinks of
chromophoric DOM in the Delaware Estuary were reported by
Del Vecchio and Blough (2004). These and other authors found
photochemical processing to be more important in clearer waters
offshore with higher light penetration depths for the Delaware,
Amazon, andMississippi river plumes (Hernes and Benner, 2003;
Medeiros et al., 2015b; Seidel et al., 2015b). Indeed, an extensive
photochemical DOM sink during August months was described
also for the Delaware Estuary plume by Vodacek et al. (1997).
The authors further assume oceanic and terrestrial DOM pools
mixing in the estuary and on the shelf to originate from constant
or very similar sources, which is consistent with a high overlap of
detected molecular formulae described in this study.

CONCLUSION

In our study, we revealed DOM molecular-level variations
that are masked by looking at DOC concentrations alone.
Mixing of fresh- and marine waters, hydrological conditions,
and also biological processes alter the composition of the
DOM discharged through the Delaware Estuary into the
Atlantic Ocean. For the first time, we applied collision-
induced fragmentation to nominal masses along a salinity
gradient, demonstrating that the chemical structures behind
DOM molecular formulae exhibit a high similarity independent
of their origin from marine or terrestrial environments.

Understanding the numerous processes occurring during
land-to-ocean carbon transport is of utmost significance to
the global carbon cycle as riverine discharge of DOC alone
is sufficient to support the turnover of DOC throughout the
entire marine environment (Williams and Druffel, 1987). Future
increase in discharge due to increased precipitation and storm
events projected by climate change scenarios and land use change
reducing forest cover will most probably alter the signature of
the DOM reaching the ocean, corroborating the need for further
monitoring especially of such well-understood land-to-ocean
connectors as the Delaware Estuary.
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