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• North Sea fluorescent DOM field sam-
pled tomap terrestrial inputs and distri-
butions.

• DOM pool characterised via absorbance
and excitation-emission fluorescent
spectra.

• Three distinct FDOM fluorophores iden-
tified.

• No clear evidence found for significant
terrestrial DOM export to the Atlantic
Ocean.

• North Sea terrestrial DOM distributions
appear stable over multi-decadal
timescales.
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Theflowof terrestrial carbon to rivers and inlandwaters is amajor term in the global carbon cycle. The organic frac-
tion of this fluxmay be buried, remineralized or ultimately stored in the deep ocean. The latter can only occur if ter-
restrial organic carbon can pass through the coastal and estuarine filter, a process of unknown efficiency. Here, data
are presented on the spatial distribution of terrestrial fluorescent and chromophoric dissolved organic matter
(FDOM and CDOM, respectively) throughout the North Sea, which receives organic matter from multiple distinct
sources. We use FDOM and CDOM as proxies for terrestrial dissolved organic matter (tDOM) to test the hypothesis
that tDOM is quantitatively transferred through the North Sea to the openNorth Atlantic Ocean. Excitation emission
matrix fluorescence and parallel factor analysis (EEM-PARAFAC) revealed a single terrestrial humic-like class of
compounds whose distribution was restricted to the coastal margins and, via an inverse salinity relationship, to
major riverine inputs. Two distinct sources of fluorescent humic-like material were observed associated with the
combined outflows of the Rhine, Weser and Elbe rivers in the south-eastern North Sea and the Baltic Sea outflow
to the eastern central North Sea. The flux of tDOM from the North Sea to the Atlantic Ocean appears insignificant,
although tDOMexportmay occur throughNorwegian coastal waters unsampled in our study. Our analysis suggests
that the bulk of tDOM exported from the Northwest European and Scandinavian landmasses is buried or
remineralized internally, with potential losses to the atmosphere. This interpretation implies that the residence
time in estuarine and coastal systems exerts an important control over the fate of tDOM and needs to be considered
when evaluating the role of terrestrial carbon losses in the global carbon cycle.

© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction
The flow of terrestrial organic matter (tOM) through aquatic ecosys-
tems is a significant and increasing component of the global carbon
cycle (Ciais et al., 2013) and appears to be increasing in some regions,
notably Northern Europe (Monteith et al., 2007). Spatial variations in
tOM flux are controlled by regional climate, soil type, vegetation and
land use, with the fraction of tOM that ultimately reaches the coastal
ocean dependent upon additional biotic and abiotic production and re-
moval processes along the land-sea continuum(Yamashita et al., 2011a;
Graeber et al., 2012; Ward et al., 2017). However, the relative impor-
tance and future evolution of these processes remain poorly understood
with key processes relevant to the transport and transformation of tOM
missing from Earth System models, despite its recognised importance
(Ciais et al., 2013).

Presently, a total global carbon (C) flux from the land to the ocean
of approximately 0.9 Pg C occurs annually consisting of ~0.2 Pg as
dissolved organic carbon (DOC), 0.3 Pg as dissolved inorganic carbon
(DIC) and up to 0.4 Pg as particulate organic carbon (POC) (Bianchi,
2011; Dai et al., 2012; Ciais et al., 2013). The magnitude of this
total terrestrial carbon flux is equivalent to approximately one-
third of the total annual oceanic CO2 drawdown (~2.6 Pg C yr−1;
Le Quere et al., 2016). Yet despite the terrestrial DOC flux being capa-
ble of turning over the entire marine DOC pool of ~700 Pg C on mil-
lennial timescales (Hansell et al., 2009), there is only limited
evidence for a significant terrestrial contribution to the open ocean
DOC pool which suggests rapid removal of tOM inputs in coastal
and shelf waters (Hedges et al., 1997; Opsahl and Benner, 1997;
Bianchi, 2011).

Most tOMderives fromplant exudation, the decomposition of recent
litter or soil organic matter (SOM), although somemay derive from the
breakdown of older SOM, particularly in disturbed soils (Evans et al.,
2014; Butman et al., 2015). A significant fraction of this tOM is removed
or recycled within inland waterways (Tranvik et al., 2009) but a sub-
stantial proportion reaches estuaries and near coastal waters, where it
may be subject to further chemical or biological modification, aiding
rapid biological utilization and eventual loss to the atmosphere
(Bianchi, 2011). The total terrestrial carbon flux of ~0.9 Pg C yr−1 that
reaches the coastal ocean, is therefore significantly less than the total
carbon flux actually lost from terrestrial soils. Estimates vary widely
for the various carbon pools, but for the UK it has been estimated that
N70% of soil derived DOC entering inland waterways is respired or oth-
erwise lost before it reaches coastal waters (Worrall et al., 2012), which
is similar to a global estimate of total organic carbon removal in inland
waters obtained by Tranvik et al. (2009). Globally, it is thought that
around 25% of soil derived DOC is removed in estuaries alone (Dai et
al., 2012). Thus, the global land to ocean DOC flux of ~0.2 Pg C yr−1 is
acutely sensitive to changes in biotic and abiotic processes which
could have significant implications for the proportion of tOM reaching
coastal waters. The fate of river borne POC is similarwith 30–50% of ter-
restrially derived POC buried within deltaic sedimentary systems and
the remainder rapidly respired in coastal waters (Hedges and Keil,
1995; Burdige, 2005). At present a significant fraction of tOM is
prevented from entering the ocean due to processes occurring in fresh-
water and estuarine systems.

Here we report a North Sea wide survey of chromophoric and fluo-
rescent dissolved organic matter (CDOM and FDOM, respectively) ab-
sorbance and fluorescence properties conducted to 1) investigate the
mean distribution of terrestrial dissolved organicmatter (tDOM) during
summer 2016, 2) identify the major tDOM sources, and 3) determine
the likely fate of tDOM entering the North Sea. Collectively, CDOM and
FDOM represent 20–70% of the overall DOM pool (e.g. Dittmar and
Stubbins, 2014), and as tracers of the tDOM pool can underestimate ex-
port fluxes, but CDOM and FDOMdistributions are nevertheless consid-
ered valuable proxies for tDOM more generally (e.g. Stedmon and
Nelson, 2015).
2. Methods

2.1. Regional setting

The North Sea is a semi-enclosed marginal sea of the temperate lat-
itudeNortheast Atlantic, and part of the larger northwest European con-
tinental shelf (Otto et al., 1990). Oceanic water enters the North Sea via
the English Channel to the southwest (~51°N), and directly from the
North Atlantic Ocean along its northern boundary (~60°N), with the
major outflow occurring via the Norwegian Trench to the northeast
(Huthnance et al., 2009). Residence times vary from b100 days for
water in theNorwegian Trench to ~4 years forwater entering the north-
west North Sea (Prandle, 1984; Blaas et al., 2001). Brackishwater inputs
from the Baltic Sea, via the Kattegat, occur along the eastern edge of the
North Sea (Gustafsson and Andersson, 2001). Several major European
rivers discharge into the southern North Sea including the rivers
Rhine, Meuse, Elbe, Weser and Scheldt and all have been associated
with significant tDOM input (Warnock et al., 1999; Astoreca et al.,
2009).

2.2. Sampling

Sampling was conducted opportunistically during August–Septem-
ber 2016 onboard the R.V. CEFAS Endeavour. Near-surface (~5 m
depth) seawater was sampled every 2–3 h during the day and analysed
for dissolved inorganic and organic nutrients, salinity, chlorophyll-a
concentrations, seawater absorbance, and fluorescent organic matter
excitation emission spectra.

2.3. Inorganic and organic nutrient concentrations

Inorganic nutrient samples were syringe filtered through 0.22 μm
polyethersulfonefilters into acid cleaned and “aged” 60mlHDPE bottles
and frozen at −20 °C for subsequent shore-based analysis. Samples
were analysed by colorimetry using a Bran and Luebbe 5-channel
AAIII segmentedflow autoanalyser using standard analytical techniques
(Woodward and Rees, 2001). Detection limits were 0.02, 0.01, 0.01 and
0.02 μmol L−1 for total nitrate (NO3

− +NO2
−), NO2

−, Si(OH)4 and PO4
3−

respectively. For calculation of mean concentrations, where somemea-
surements were below the detection limit, the detection limit was used
in statistical calculations.

Duplicate organic nutrient samples were syringe filtered through
0.22 μm polyethersulfone filters into 125 ml HDPE bottles and frozen
at −20 °C for later analysis. DOC concentrations were measured on a
Skalar Formacs total organic carbon analyser. Samples were acidified
with 3 MHCl and spargedwith O2 to remove dissolved inorganic carbon
prior to analysis. Total dissolved nitrogen (TDN) and total dissolved
phosphorous (TDP) were measured following UV oxidation of samples
as described by Torres-Valdes et al. (2016). Briefly, after defrosting the
samples duplicate 10ml aliquots of seawater were UV-oxidised for 2 h
using two Metrohm 705 UV oxidation units. After oxidation, TDN and
TDPweremeasured as total nitrate and phosphate using a SEAL Analyt-
ical QuAAtro autoanalyser and standard GO-SHIP protocols (Hydes et
al., 2010). A third un-oxidised aliquot of each seawater sample was sep-
arately measured for the dissolved inorganic nutrient content (NO3

− +
NO2

− and PO4
3−). Dissolved organic nitrogen (DON) and dissolved or-

ganic phosphorous (DOP) concentrationswere subsequently calculated
by difference between the total dissolved and inorganic nutrient con-
centrations (i.e. DON= TDN− (NO3

− +NO2
−)). Nutrient referencema-

terials (KANSO, Japan) were analysed regularly to check precision and
accuracy (within 1–2%). Analytical detection limits based on measure-
ment standards were 0.02 and 0.01 μmol L−1 for total nitrate (NO3

− +
NO2

−) and PO4
3− respectively. Analytical uncertainty associated with

DON and DOP measurements was estimated as the root-sum-square
of total nutrient uncertainty based on replicate sample analysis and in-
organic nutrient uncertainty based on the global uncertainty associated
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with the analysis of all calibration standards. The averagemeasurement
uncertainties were 0.14 ± 0.11 μmol L−1 for DON and 0.011 ± 0.010
μmol L−1 for DOP.

2.4. Salinity and chlorophyll concentrations

Salinity sampleswere collected in glass bottles, cappedwith a plastic
insert and returned to shore for analysis on an Autosal salinometer
(model 8400B) calibrated against OSIL standard seawater (P-series).
Herein we report salinity as absolute salinity (SA) using the Thermody-
namic Equation of State 2010 (TEOS-10; UNESCO, 2010).

Chlorophyll-a concentrations were measured fluorometrically after
filtration of 250 ml seawater through 25 mm GF/F filters (~0.7 μm).
After filtration, each filter was placed in a 20 ml glass vial, inoculated
with 6 ml of 90% acetone and refrigerated in the dark at 4 °C for 18–
20 h. Pigment extracts were measured on a Turner Designs “Trilogy”
fluorometer calibrated against a pure chlorophyll-a standard (Sigma,
UK).

2.5. Optical and fluorescent properties

Spectral absorbance (200–800 nm) was measured on 0.22 μm fil-
tered seawater samples using a Cary 60 UV–Vis spectrometer, a 1 cm
quartz cuvette, andMilli-Qwater as a baseline reference. Absorption co-
efficients (units m−1) were obtained from absorbance (unitless) via Eq.
(1),

a λð Þ ¼ 2:303 A λð Þ
l

ð1Þ

where A is the measured absorbance at wavelength λ, l the cuvette
length (in meters) and a the resulting absorption coefficient.

The CDOM absorption spectrum slope coefficient (S) was modeled
in R (R Core Team, 2016) over the wavelength range 300–600 nm
using Eq. (2) and the package CDOM (version 0.1; Massicotte and
Markager, 2016)

a λð Þ ¼ a λ0ð Þe−S λ0−λð Þ þ K ð2Þ

where λ0 is a reference wavelength (400 nm) and K is a background
constant. The terms a375, S and K were estimated simultaneously via
the modeling process. A wavelength of 375 nm was chosen for consis-
tency with previous studies (e.g. Kowalczuk et al., 2006).

The slope ratio (SR; Helms et al., 2008),which is the ratio of the slope
coefficient calculated for UVB (275–295 nm) and UVA (350–400 nm)
wavelengths, was calculated using Eq. (3). This was also obtained via
the R CDOM package (Massicotte and Markager, 2016).

sR ¼ S275−295

S350−400
ð3Þ

Spectral fluorescence was measured on 0.22 μm filtered samples
using a Cary Eclipse fluorescence spectrophometer with a 1 cm
pathlength. Excitation wavelengths ranged from 200 to 400 nm in 5
nm increments with emission spectra measured over 280–500 nm in
2 nm increments. Absorbance based inner filter corrections (Mcknight
et al., 2001; Kothawala et al., 2013), and blank (Milli-Q water) subtrac-
tions, were applied to all samples before normalization to Raman units
(Murphy et al., 2010). The collated sample excitation emissionmatrices
(EEM) were characterised via parallel factor (PARAFAC) analysis (Bro,
1997; Stedmon et al., 2003; Stedmon and Bro, 2008). Excitation wave-
lengths b240 nm were discarded during PARAFAC modeling due to in-
creased noise at those wavelengths. Analysis was carried out using the
drEEM toolbox for MATLAB with non-negativity constraints on all
modes and split-half analysis to validate model components (Murphy
et al., 2013). A total of 148 EEMs were included in the analysis.
Specific UV absorbance (SUVA254; Weishaar et al., 2003) was calcu-
lated to provide information on the aromaticity andmolecularweight of
the bulk DOC pool. Following recent guidance (Murphy et al., 2010;
Stedmon and Nelson, 2015) SUVA254 was calculated as

SUVA254 ¼
A
l

� �

DOC
ð4Þ

where A is the measured absorbance at 254 nm, l the cuvette length (in
meters) and DOC is themeasuredDOC concentration in units ofmg L−1.
SUVA254 is reported with units of m2 g−1C.

3. Results

3.1. Temperature and salinity

Sea surface temperature (conservative temperature; Θ, °C) ranged
over 7 °C from a minimum of 12 °C in the Fair Isle Channel (~60°N) to
a maximum of 19.2 °C in the extreme southern North Sea (~51.8°N;
Fig. 1a). A strong southeast to northwest temperature gradient that
followed the bathymetric slope was evident, with warmer waters in
the shallow southern and southeastern North Sea (N16 °C) and cooler
waters in the deeper north and northwest (b16 °C) areas.

Absolute Salinity (SA) did not exhibit comparable spatial patterns
but instead revealed a complex distribution of lower salinity inputs to
the eastern and southeastern North Sea from the Baltic Sea outflow
and discharges from the Rhine, Weser and Elbe rivers respectively,
and higher salinity inputs to the northern and central North Sea from
the North Atlantic Ocean (Fig. 1b). Absolute salinity ranged from 32.34
to 35.41 g kg−1 with lowest salinities around the periphery of the
North Sea and higher salinities towards the centre.

3.2. Chlorophyll

Surface chlorophyll concentrations ranged from 0.14–6.79 μg L−1

but were generally b3 μg L−1 (cruise average 1.04 ± 0.95 μg L−1).
Highest chlorophyll concentrations (N2 μg L−1) were distributed
around the edge of the North Sea with lowest concentrations
(b0.5 μg L−1) towards the central North Sea giving the appearance
of a gyre-like distribution (Fig. 1c).

3.3. Inorganic nutrients

Inorganic nutrient concentrations were generally low in the surface
waters of the North Sea (Table 1). Total dissolved oxidised nitrogen
(also called total nitrate, NO3

− + NO2
−) ranged from b0.02 to 4.98

(mean 0.31 ± 0.63) μmol L−1 with two dominant signatures associated
with the Rhine-Meuse-Scheldt delta and waters around the Orkney
Islands, where concentrations exceeded 1.5 μmol L−1 (Fig. 1d).
Elsewhere total nitrate concentrations were at or close to annual mini-
mum concentrations (Radach and Gekeler, 1996; Radach and Patsch,
1997). The distribution of NO2 was similar to total nitrate, but concen-
trationswere lower, ranging from b0.01 to 0.39 μmol L−1 and averaging
0.03 ± 0.06 μmol L−1 (Fig. 1e). Si(OH)4 concentrations were higher
ranging from 0.13 to 5.75 and averaging 1.03± 0.9 μmol L−1. A promi-
nent band of high Si(OH)4 was observed across the southern North Sea
(Fig. 1f). PO4

3− concentrations ranged from b0.02 to 1.4 μmol L−1 and
averaged 0.14 ± 0.22 μmol L−1. The distribution of PO4

3− was patchy
with concentrations N0.5 μmol L−1 sporadically found through the cen-
tral and northern North Sea (Fig. 1g).

Total dissolved nitrogen (TDN) concentrations ranged from 3.6 to
18.4 μmol L−1 and averaged 6.7 ± 2.0 μmol L−1 (Fig. 1h, Table 1). Con-
centrations were highest in the southern North Sea close to the Euro-
pean coastline. Total dissolved phosphorous (TDP) concentrations
ranged from 0.14 to 0.71 μmol L−1 and averaged 0.31 ± 0.1 μmol L−1



Fig. 1.Regional overviewofNorth Sea surfacewatersAugust 2016, including a) Sea surface temperature (conservative temperature), b) Absolute Salinity (SA), c) Total chlorophyll, d) Total
nitrate (NO3

− +NO2
−), e) Nitrite (NO2

−), f) Silicate (Si(OH)4), g) phosphate (PO4
3−), h) total dissolved nitrogen (TDN), i) total dissolved phosphorous (TDP), j) dissolved organic carbon

(DOC), k) dissolved organic nitrogen (DON), and l) dissolved organic phosphorous (DOP).
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Table 1
Summary nutrient concentrations and ranges for the North Sea surface waters August
2016.

NO3
− + NO2

−

(μmol L−1)
NO2

−

(μmol L−1)
Si(OH)4
(μmol L−1)

PO4
3−

(μmol L−1)

Mean ± sd 0.31 ± 0.63 0.03 ± 0.06 1.03 ± 0.93 0.14 ± 0.22
Range b0.02–4.98 b0.01–0.39 0.13–5.75 b0.02–1.42

TDN DON %DON %DIN

Mean ± sd 6.74 ± 2.01 6.6 ± 1.77 98.36 ± 3.2 1.64 ± 3.2
Range 3.6–18.4 3.5–16.4 70.8–99.8 0.2–29.2

TDP DOP %DOP %DIP

Mean ± sd 0.31 ± 0.1 0.26 ± 0.06 86.09 ± 13.41 13.9 ± 13.4
Range 0.14–0.71 0.13–0.46 28.0–97.4 2.6–72.0
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(Table 1). Highest concentrations were observed around the periphery
of the North Sea (Fig. 1l).

3.4. Organic nutrients

Concentrations of DOC ranged from61.7 to 185.0 μmol L−1 and aver-
aged 108.7 ± 15.7 μmol L−1. Concentrations were highest in the south-
ern North Sea, particularly along the coasts of Belgium and the
Netherlands, and lowest (b70 μmol L−1) in the far northwest of the
North Sea close to Scotland (Fig. 1j).

DON concentrations ranged from 3.5 to 16.4 μmol L−1 (mean 6.6 ±
1.8 μmol L−1; Table 1), with elevated concentrations above 8 μmol L−1

in a broad band stretching from the UK to Denmark in the southern
North Sea but were generally between 5 and 7 μmol L−1 elsewhere
(Fig. 1k). A pronounced plume of high DON (N15 μmol L−1) related to
the Rhine-Meuse-Scheldt delta was evident but sampling density was
insufficient to constrain the spatial extent of the plume, hence the
contouring shown in Fig. 1k should be taken as indicative only. DON
represented 70.8 to 99.8% (mean 98.4 ± 3.2%) of the TDN pool.

DOP represented 86.1 ± 13.4% of TDP on average but was highly
variable contributing between 28.0 and 97.4% of the TDP pool. Concen-
trations of DOP ranged from 0.13 to 0.46 μmol L−1 (mean 0.26 ± 0.06
μmol L−1) and were highest close to the German Bight and
near northeast Scotland. Low to intermediate concentrations (0.15–
0.35 μmol L−1) were found throughout the central North Sea (Fig. 1l).

The elemental stoichiometry of the organic nutrient pool indicated
lower DOC:DON (b15) around the periphery of the North Sea and
Fig. 2. Stoichiometry of the dissolved organic matter pool, including a) the ratio
higher DOC:DON (N17) towards the centre. This indicated both the
presence of gradients away from coastal source regions, and differential
rates of modification to the underlying DOC and DON pools (Fig. 2a).
The Rhine/Scheldt outflow was associated with low DOC:DON (b12)
connected to the elevated DON content of these particular sources.
More generally, low DOC:DON waters characterised the southern
North Sea close to the coast. DOC:DOP distributions were patchy and
other than anelevated signal associatedwith the Rhine/Scheldt outflow,
where DOC:DOP exceeded 700:1, no obvious spatial pattern was evi-
dent (Fig. 2b). There were strong similarities between the distributions
of DOP and DOC:DOP. DON:DOP was largely invariant across the North
Sea and generally in the range of 20–30:1 except for a single high DON:
DOP plume from the Rhine/Scheldt outflow where DON:DOP exceeded
70:1 (Fig. 2c).

3.5. Spectral absorbance

Summary values of the absorption coefficient at 375 nm (a375), the
spectral slope coefficient (S300–600) and the slope ratio (SR), which
ranged from 0.09 to 2.74 m−1, 0.005 to 0.027 nm−1 and 1.51 to 12.86
respectively, comparewell with previous observations from coastal sys-
tems (Table 2). A negative correlation was found between S300–650 and
a375 (Fig. 3), similar to that reported by Stedmon and Markager
(2001), and which likely reflects conservative mixing between two dif-
ferent source pools (Stedmon andMarkager, 2003). No indication of ad-
ditional source pools was found in the relationship between S300–650
and a375, possibly because of the small dataset size, the focus on surface
sampling only or the presence of a broadly homogenous organic matter
pool during the summer sampling period.

The majority of observations clustered closely together, revealing
low variability in a375, S300–650 and SR overmuch of the North Sea. Nota-
bly however, a distinct group of 6 samples measured on consecutive
days at the end of the cruise and in a small geographical area southeast
of the Fair Isle Channel (~58.2–59.2°N, 2.1°W–1.5°E), revealed high ab-
sorption (a375 N 2m−1) and low S300–600 values (b0.008 nm−1), a char-
acteristic considered indicative of terrestrial inputs (Vodacek et al.,
1997; Stedmon and Markager, 2003). Increased salinities (up to 0.27
g kg−1 higher), and decreased sea surface temperatures (up to 2.7 °C
cooler) coincident with these samples, indicate subtle changes in sur-
face hydrography and are supportive of an influx of North Atlantic
water through the Fair Isle Channel (Turrell et al., 1990, 1992), which
may have brought with it terrestrial material derived from
neighbouring islands. Nevertheless, the changes in spectral signatures
of DOC to DON, b) the ratio of DOC to DOP, and c) the ratio of DON to DOP.
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(increased absorption) and environmental characteristics (increased
salinities) are inconsistent with one another if a terrestrial input via
freshwater discharge is assumed. The hydrographic changes were cer-
tainly not distinct enough from the broad thermohaline range observed
throughout the survey to be conclusive of a possible origin, and addi-
tional supporting observations were not collected at these latter sta-
tions thus there is currently no clear explanation for this observation.
Neighbouring stations sampled in the preceding days did not show
high absorption indicating either a geographically localized feature or
a recent change. Whilst interesting, these 6 stations nevertheless
stand apart from the majority of the dataset.

No significant relationship was found between either S300–650 or
a375 and absolute salinity, primarily due to the limited salinity gradi-
ent observed (32.3–35.4 g kg−1), but most likely also due to the dis-
tance offshore (88% of samples were collected N50 km offshore),
whichmay point against a conservative mixing explanation underly-
ing the relationship between S300–650 and a375. However, the absence
of relationships at typical oceanic salinities agrees with the findings
of Astoreca et al. (2009) who also reported no significant correlation
between a375 and salinity N34 psu or more generally between the
S300–600 and salinity. Thus, autochthonous (in-situ) production,
photodegradation and/or biodegradation of existing DOM pools is
likely to be the dominant source of organic matter present in our
samples.

Themajority of SR valueswere between 2 and 4 (Table 2),with 3 no-
table but unrelated samples producing SR N 5.With amean slope ratio of
2.87 ± 1.1 and all estimates of SR being N1, this tends to support the
view that the DOMpool was oceanic and/or extensively photodegraded
in origin (Helms et al., 2008; Stedmon and Nelson, 2015).

3.6. Spectral fluorescence

Split-half model validation indicated a 3-component model was the
most appropriate representation of the data (core consistency score
85%; Murphy et al., 2013). Sequentially increasing to higher numbers
of model components (4–7) resulted in non-validation of the split-half
model and a substantial drop in the core consistency score (b61% for 4
components, b12% for 6 components). A 3-component solution is
lower than the typical fluorophore content (4–8) reported in compara-
ble marine studies (e.g. Yamashita et al., 2011b), and may indicate
underfitting of the PARAFAC model (Murphy et al., 2013). Nevertheless
a 3-component model is in agreement with the expected number of
fluorophores in a dataset of this size (Murphy et al., 2014b).

Three fluorescent peaks, hereafter fluorophores, were identified via
the PARAFAC modeling (Fig. 4a-c). Fluorophore 1 (λex/λem 245/302
nm) and fluorophore 3 (λex/λem 270/308 nm; peak B (Coble, 1996;
Coble et al., 2014)) are considered to be marine in origin whilst
fluorophore 2 (λex/λem 250/430 nm; peak A) is broadly considered to
be terrestrial in origin (Coble, 1996; Stedmon and Markager, 2005;
Murphy et al., 2008). Fluorophore 1 was present in all samples but did
Table 2
Mean and range of the absorption coefficient at 375 nm(a375), the spectral slope coefficient (S30

Absorption coefficient
a375 [m−1]

Spectral slope coefficient
S300–650 [nm−1]

Slope ratio
SR

Mean ± s.d. 0.572 ± 0.518 0.015 ± 0.004 2.87 ± 1.1
Range 0.089–2.736 0.005–0.027 1.51–12.86
Range 1.07–1.42 0.0219–0.0255
Range 0.016–0.023a

Range 0.2–4.29 0.01–0.023b

Range 0.012–0.02c 0.7–2.52
Range 0.41–7.92 0.017–0.03d

a Based on wavelength range of 250 to 600 nm.
b Based on wavelength range of 350 to 500 nm.
c Based on wavelength range of 300 to 700 nm.
d Based on wavelength range of 300 to 600 nm.
not correlate with the distribution of chlorophyll. Fluorophore 3 was
predominately observed in samples collected along the east coast of
the UK (western North Sea) butwith a pronounced increase in intensity
in the German Bight region of the southern North Sea. Both were re-
gions with high chlorophyll concentrations (N1 mgm−3), though chlo-
rophyll and Fluorophore 3 were not directly correlated. Fluorophore 2
was similarly distributed to fluorophore 3 with peak intensities around
the margins of the North Sea, particularly the German Bight, and with
the Elbe and Weser rivers and the Baltic Sea outflow being prominent
sources of this particular fluorophore (Fig. 5).

3.7. Spectra identification and SUVA254

A statistical comparison of spectra with the “OpenFluor” database of
fluorescent organic matter spectra identified previously reported spec-
tra for all 3 fluorophores reported here (Fig. 4d-f).Matched components
were identified via a 95% similarity criterium and assessed with
“Tucker's Congruence Coefficient” via the database (www.openfluor.
org; Murphy et al., 2014a, b). Fluorophore 1 was matched with an
amino-acid like DOM spectra reported by Jørgensen et al. (2011), and
identified in that study as similar to the pure spectrum of the amino
acid phenylalanine (Yamashita and Tanoue, 2003). This is considered
an unusual spectrum to observe in seawater, as phenylalanine fluores-
cence is quenched in the presence of tyrosine (Lakowicz, 2006;
Yamashita et al., 2008; Jørgensen et al., 2011). Fluorophore 2 was
matched with 16 previous datasets, which all of the originating studies
considered to be indicative of terrestrial humic material (Peak A in the
nomenclature of Coble, 1996; Walker et al., 2009; Osburn and
Stedmon, 2011; Yamashita et al., 2011a; Cawley et al., 2012; Graeber
et al., 2012; Osburn et al., 2012; Murphy et al., 2013; Yamashita et al.,
2013; Bianchi et al., 2014; Shutova et al., 2014; Gonçalves-Araujo et
al., 2015). Fluorophore 3 was similar to tyrosine-like DOM fluorescence,
has been widely reported for marine waters and is indicative of recent
biological activity (Murphy et al., 2011; Yamashita et al., 2011a, 2013;
Peak B in the naming scheme of Coble, 1996).

The split-half validated 3-component PARAFAC model did not re-
solve a terrestrial fulvic acid signature (otherwise known as Peak C;
Coble, 1996), and the normalised trace of fluorescence intensities was
rather flat in the typical wavelength region for fulvic acids (λex/λem

320–360/420–460 nm; Fig. 4e). This may be due to the tendency for
the position of peak C to shift towards shorter excitation and emission
wavelengths (blue-shifted) with increased distance from freshwater
sources (Coble, 1996). As the majority of samples were collected N50
km from the nearest land, and as all values of SA were N32.3 g kg−1 it
is possible that the terrestrial material represented by fluorophore 2
was aged, degraded and both spectrally and chemically altered from
its original composition. Such a scenario supports the inference of
(photo) degradation obtained from the elevated values of SR (Table 2).
Furthermore, different contributions of fulvic and humic acid fractions
are known to alter the slope coefficient (Warnock et al., 1999) and
0–650) and the slope ratio (SR) asmeasured in this study and in comparison to the literature.

UVA slope (S275–295) [nm−1] UVB slope (S350–400)
[nm−1]

Source

0.021 ± 0.007 0.008 ± 0.003 This study
0.005–0.061 0.002–0.014 This study

Kowalczuk et al., 2006
Warnock et al. (1999)
Astoreca et al. (2009)
Helms et al. (2008)
Meler et al. (2016)

http://www.openfluor.org
http://www.openfluor.org


Fig. 3.Relationship between the attenuation coefficient (a375) and the spectral slope (S300–600). The green line represents the double exponential best fit to the data (y= a exp.(−a375/b) + c
exp.(−a375/d)) where a, b c and d are best fit parameters (a = 0.01634, b = 2.37551, c = 0.01342, d = 0.13695). The red dashed line indicates the 95% confidence interval for the fit
parameters whilst the blue line represents the 95% confidence interval for fitted values based on a Monte Carlo simulation. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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changes to S300–600 are indicative of changes in DOM composition
(Kowalczuk et al., 2006).

SUVA254 ranged from 0.55 to 4.42 m2 g−1C (mean ± s.d. 1.36 ±
0.65 m2 g−1 C) with a spatial distribution that was both distinct from
the distribution of individual fluorophores or from salinity, but never-
theless shared some similarities (Fig. 5d). In general, SUVA254 was ele-
vated around the margins of the North Sea, particularly off northeast
Scotland, and reduced towards the central North Sea. The higher DOC
aromaticity inferred by higher SUVA254 around the margins of the
North Sea provides additional support for tDOM input to these waters.

3.8. Spectra relationships to the North Sea environment

Fluorophores 1 and 3 did not correlate with salinity, suggesting that
both were of marine origin thus supporting results based on the values
of a375 and S300–600. The intensity of fluorophore 2was negatively corre-
lated with salinity, supporting the identification and origin of
fluorophore 2 as terrestrial humic material (Fig. 6a). The presence of
distinct negative relationships within the dataset revealed the presence
of two different sources for this humic material, despite similar spectral
characteristics. These two sources were broadly identified as river-fed
coastal waters around the periphery of the North Sea and the Baltic
Sea outflow (Fig. 6a, b). Humic material from both sources became in-
distinguishable once salinities reached typical oceanic salinities of ~35
g kg−1. Higher DON (N7 μmol L−1) and DOC concentrations (N120
μmol L−1) were generally found at the lowest salinities/highest fluores-
cent intensities measured, suggesting a low salinity (presumably river-
ine) source of organic nutrients (Fig. 6c, e), although the same was not
true of DOP concentrations, which were more variable with salinity
(Fig. 6d), possibly indicating a marine source or sources.

Average values for selected parameters for the three groupings of
data indicated in Fig. 6a are shown in Table 3. Small differences in the
mean values of S300–600, a375 and SR separate the three groups of
stations, though the range in values of a375 is larger in theNorth Atlantic
grouping than elsewhere. Differences in themean values of SAwere dis-
tinct enough to highlight the low salinity of the Baltic Sea outflow, but
the range of salinities within group 1 (coastal) and group 2 (Baltic out-
flow) were comparable. The highest salinities (N35 g kg−1) were re-
stricted to North Atlantic influenced stations (group 3).
Concentrations of DON and DOCwere highest in the near coastal waters
of the North Sea (group 1), intermediate for the Baltic Sea influenced
stations (group 2) and lowest in the North Atlantic influenced stations
(group 3). Mean DOP concentrations, however, were similar for all 3
groups.

Marine fluorophores 1 and 3 showed no correlation with any mea-
sured parameter, including organic nutrients, inorganic nutrients or
chlorophyll concentrations. Fluorophore 2 was significantly and posi-
tively correlated with the concentrations of DON (R2 = 0.33, p b

0.0001) and DOC (R2= 0.34, p b 0.0001) (Fig. 7a, c) but the correlation
with DOP, though statistically significant, was considerably weaker and
essentially random (R2 = 0.05, p b 0.05) Fig. 7b).

3.9. Land to ocean gradients

To better understand the fate of tDOM in the ocean and the length
scales over which terrestrial influences dissipate gradients as a function
of distance from land were derived and are shown in Fig. 8. Absorbance
measurements revealed a tendency for the spectral slope (S300–600) to
increase, and absorption coefficient (a375) to decreasewith distance off-
shore (Fig. 8a, b). S300–600 reached a local minimum 25–50 km offshore
but was also highly variable in this distance interval and overall in-
creased by 0.0016 nm−1 from nearshore (b25 km) to offshore (N300
km) waters. In contrast a375 displayed a local maximum 25–50 km off-
shore (0.856 ± 0.790m−1) and was also highly variable in this interval
but otherwise decreased by ~0.21 m−1 from nearshore to offshore wa-
ters. The slope ratio (SR) increased offshore by 0.9963 units which



Fig. 4. Results of the PARAFACmodeling and comparison to the OpenFluor database a) spectral fingerprint of fluorophore 1, b) spectral fingerprint of fluorophore 2, c) spectral fingerprint
of fluorophore 3, d) Matched comparison of fluorophore 1 to the OpenFluor database, e) Matched comparison of fluorophore 2 to the OpenFluor database and f) Matched comparison of
fluorophore 3 to the OpenFluor database.
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may indicate a compositional change in the DOM pool and a shift from
high to low molecular weight organic matter (Fig. 8c; Helms et al.,
2008).

All identified fluorophores displayed a seaward gradient, but the
patterns were not consistent (Fig. 8d). The normalised fluorescent in-
tensity of Fluorophore 1 peaked between 50 and 100 km offshore but
there was no difference in mean fluorescent intensities between near
coastal (b25 km) or offshore (N300 km) waters. Fluorophore 2 was
broadly stable at distances up to 200 km from land before decreasing
sharply. Fluorophore 3 displayed a pronounced peak (with large vari-
ance) between 50 and 200 km offshore but with little difference be-
tween near coastal and further offshore waters. As reported previously
by Murphy et al. (2008) these patterns are consistent with the gradual
removal, or conservative mixing, of (terrestrial) humic-like fluores-
cence with (oceanic) amino acid-like fluorescence offshore. In particu-
lar, the increasing spectral slope (S300–600) and decreasing absorption
(a375) with distance offshore are expected traits, when terrestrial signa-
tures are replaced with oceanic signatures, and the offshore increase in
SR is indicative of a photochemical transformationwithin the DOMpool
(Helms et al., 2008); an assumption borne out by the positive relation-
ship between SR and distance offshore (Fig. 8c).
SA (Fig. 8e) and Θ (Fig. 8f) were variable across all distance intervals
examined but bothmean values for SA andΘ tended to increase and be-
come less variable offshore. SA increased from a mean of 34.498 ±
0.718 g kg−1 at b25 km distance from shore to 35.012 ± 0.290 g kg−1

at distance N300 km from shore, a relative increase of 0.514 g kg−1. Sim-
ilarly, mean Θ increased from 14.68 ± 3.47 to 15.29 ± 0.76 °C, an ap-
parent warming of 0.61 °C.

Ratios between the various fluorophores increased with distance
from land (Fig. 8g) due to changes in the balance between oceanic
and terrestrial ((F1 + F3):F2) fluorophores and a gradual reduction in
fluorophore 2 intensity offshore. SUVA254 tended to reduce with dis-
tance offshore in a comparable manner to a375 (Fig. 8h). The offshore
gradient in SUVA254 was distorted by increased variability in the 25–
50 km interval but nevertheless was indicative of reduced aromaticity
and associated compositional change in the bulk DOM pool with dis-
tance from land, comparable to the inference obtained from the offshore
gradient in SR (Fig. 8c). Offshore gradients were clearly visible in the nu-
trient fields and sharp reductions in Si(OH)4, NO3

− + NO2
− and PO4

3−

within 50 km were prominent features of the data (Figs. 8i, j, k). TDN
and DON concentrations decreased offshore and were tightly coupled
due to DON representing the majority (84–99%) of the TDN pool across



Fig. 5.Maps showing the spatial distribution of a) fluorophore 1 (phenylalanine-like organic matter), b) fluorophore 2 (terrestrial humic organic matter), c) fluorophore 3 (tyrosine-like
organic matter) and d) SUVA254.
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all distance intervals. Within the first 25 km from the coast however
total nitrate represented 18.5% of the TDN pool, decreasing to b5% of
the TDN pool at greater distances offshore (Fig. 8j). Mean TDP concen-
trations decreased sharply offshore from ~0.5 μmol L−1 at distances
b25 km to ~0.27 μmol L−1 at distances N300 km offshore. The coupling
between TDP and DOP pools was weaker than for the TDN and DON
pools due to phosphate representing between 7.6% (N300 km offshore)
and 48.6% (b25 km offshore) of the TDP pool (Fig. 8k). DOC concentra-
tions also decreased offshore from ~120 μmol L−1 at distances b25 km
to ~104 μmol L−1 at distances N300 km offshore, a reduction of ~15%.
DOC concentrations also generally became less variable with distance
offshore (Fig. 8l).

4. Discussion

This study revealed the Rhine-Meuse-Scheldt delta to be a major
source of NO3

− and DON to the southern North Sea. In contrast, the
Weser and Elbe rivers and the Baltic Sea outflow were sources of DON
but not NO3

− (Fig. 1). Off northern Scotland DON and NO3
−

concentrationswere elevated though the exact sourcewas unclear. Pre-
viously, Woodward and Owens (1990) measured elevated NO3

− con-
centrations in this region during summer and postulated island
induced upwelling of nutrient rich water around the Shetland Islands
as a causal mechanism. The Rhine-Meuse-Scheldt deltawas also amod-
est source of PO4

3− but not DOP. In comparison, theWeser/Elbe and Bal-
tic Sea outflowswere a significant source of DOP but not PO4

3−. Elevated
concentrations of PO4

3− and DOP were observed around Northern Scot-
land, possibly due to upwelling or North Atlantic inflows collecting
tDOM from neighbouring islands or from the Scottish mainland. DOP
concentrations mapped onto the correlation between salinity and
fluorophore 2 (Fig. 6d) did not distinguish either the Baltic Sea outflow
or theWeser/Elbe discharge as distinct sources of DOP to the North Sea.
This may relate to significant and ongoing efforts to limit P discharges
from agro-industrial and urban activities over recent decades (Radach,
1998; OSPAR Commission, 2003, 2008). Nevertheless, agro-industrial
activities largely explain the high PO4

3− discharges associated with the
Rhine, Scheldt and Thames rivers to the southern regions of the North
Sea, despite overall reductions in P discharges in recent decades



Fig. 6. a) Relationships between fluorophore 2 (terrestrial humic) and salinity with symbols coloured to denote groupings of data corresponding to Baltic outflow (blue), river-fed coastal
waters (red), andNorth Atlantic influenced stations (green), b)Map showing thedistribution of each sub-groupwith the same colouring as in panel a, c) Relationship betweenfluorophore
2 and salinity andDON, d) Relationship between fluorophore 2 and salinity andDOP, e) Relationship between fluorophore 2 and salinity andDOC. Regression equations in panel a relate to
the Baltic outflow (blue) and river-fed coastal waters (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(OSPAR Commission, 2008, 2016). Qualitatively, a stronger similarity
existed between the distribution of DOP and chlorophyll than between
DOP and salinity (Figs. 1c) suggesting that DOP was released bymarine
primary production and that the advection of DOPwithin the high salin-
ity North Atlantic waters entering the North Sea from the northwas less
important for the overall DOP budget.

The distribution of DOC was similar to the distribution of DON, with
highest concentrations found in the shallow southern North Sea. The
highest DOC concentrations were generally coincident with the stron-
gest intensity of fluorophore 2, and often co-located with high DON or
DOP concentrations. Nevertheless, whilst qualitatively similar to the
distribution of fluorophore 2, correlations between fluorophore 2 and
the organic nutrients were modest at best (Fig. 7). The distribution of
DOCandDON, and to a lesser extent DOP, could not therefore be consid-
ered directly indicative of terrestrial inputs.

Correlations between salinity and the normalised intensity of terres-
trial fluorophore 2 clearly showed a distinction between the high fluo-
rescence yield associated with low salinity waters from the Elbe/
Weser outflow, and the low fluorescence yield associated with the
low salinity outflow from the Baltic Sea (Fig. 6). The linearity of both
negative correlations suggests that the spectral signature of individual
source waters was eventually lost through conservative mixing with
oceanic waters, rather than by non-conservative biotic or abiotic re-
moval processes. The difference in fluorescence intensity between
these two sources likely relates to compositional or concentration dif-
ferences in tDOM with the ~30 year residence time of the Baltic (Voss



Table 3
Mean± s.d. and range of selected parameters based on the 3 groupings of stations indicated in Fig. 6a.

Group Absorption coefficient
a375 [m−1]

Spectral slope coefficient
S300–650 [nm−1]

Slope ratio
SR

SA
[g kg−1]

DON
[μmol L−1]

DOP
[μmol L−1]

DOC
[μmol L−1]

1 (coastal) Mean 0.0152 ± 0.0027 0.5063 ± 0.2509 2.9179 ± 1.5695 34.5615 ± 0.4273 7.57 ± 2.2 0.27 ± 0.06 117.08 ± 16.68
Range 0.01–0.021 0.159–1.363 1.5149–12.8566 32.6243–34.99 5.39–16.36 0.13–0.45 95–185

2 (Baltic) Mean 0.0145 ± 0.0037 0.5883 ± 0.4037 2.731 ± 0.5568 33.9438 ± 0.6919 6.25 ± 0.98 0.23 ± 0.06 109.72 ± 12.55
Range 0.009–0.02 0.17–1.397 2.0222–4.4621 32.3395–34.6786 4.51–9.63 0.13–0.42 96.67–132.5

3 (N. Atlantic) Mean 0.0149 ± 0.0045 0.4764 ± 0.5601 2.9303 ± 0.7054 35.1265 ± 0.1499 5.82 ± 0.94 0.26 ± 0.06 100.57 ± 10.92
Range 0.005–0.027 0.089–2.736 1.8219–5.3562 34.7999–35.4069 3.52–9.41 0.15–0.46 61.67–142.5
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et al., 2011) likely providing time for significant microbial and photo-
chemical breakdown of tDOM compared to the riverine inputs, which
are of more recent origin. Differences between source regions are im-
portant for the overall interpretation of the fluorescent spectra, and in
addition to the age of material, drainage through known peat regions
can have a significant impact on the chemical character of tDOM, for ex-
ample in discharge from the Elbe river (Laane and Kramer, 1990) or
some of the larger British rivers draining to the North Sea such as the
Humber (Eatherall et al., 1998; Worrall and Burt, 2007).

4.1. North Sea tDOM distribution

The three fluorophores identified in this study were all successfully
cross-referenced to the OpenFluor database (Murphy et al., 2014a, b).
Fluorophore 2 appears as a common fluorophore in the database and
is widely linked to terrestrial material. Whilst the presence of negative
correlations between fluorophore 2 and salinity support a terrestrial or-
igin (Fig. 6), other spectral characteristics, such as SR, were less em-
phatic in their classification of a terrestrial origin, instead implying
significant photochemical reworking of organic matter and/or mixing
of tDOM with oceanic DOM. It is probable that the spectral fingerprint
of fluorophore 2 was significantly altered from that of fresh terrestrial
material, particularly given the offshore decrease in SUVA254 (Fig. 8h).
The distribution of fluorophore 2may not, in this case, be useful in trac-
ing recent terrestrial inputs to the coastal zone, though the relationship
to salinity (Fig. 6) indicates a longer-term use in identifying the mean
spatiotemporal distribution of tDOM inputs.More interestingly, the dis-
tribution of fluorophore 2 was almost identical to the map of natural
fluorescence intensity reported for the North Sea by Laane and Kramer
(1990) (Fig. 9). This similarity suggests that the distribution of both
bulk FDOMand of specific fluorescent compound classes (such as repre-
sented by fluorophore 2) may be broadly stable in time, as the two
datasets were collected over 30 years apart (1985 and 2016). Laane
and Kramer (1990) also argued for the spatiotemporal stability of
Fig. 7.Regression results between a) fluorophore 2 and DON, b)fluorophore 2 and DOP, c) fluor
for the best fit lines. (For interpretation of the references to colour in this figure legend, the rea
North Sea FDOM fields, after comparing their observations to fluores-
cent data presented by Kalle (1956), and finding little difference be-
tween the 1950s and 1985. Thus, the spatial distribution of
fluorophore 2 shown in Fig. 5b may be a persistent feature of the
North Sea with observations supporting the stability of this distribution
extending back to the 1950s (Kalle, 1956; Laane and Kramer, 1990).
This is somewhat surprising given the near-doubling of DOC concentra-
tions observed in many rivers draining the UK and Fennoscandia
(Monteith et al., 2007; Kritzberg and Ekström, 2012; Räike et al., 2012,
2016), suggesting that any changes in freshwater DOM loadings to ma-
rine systems have been insufficient to change observed concentrations
at the scale of theNorth Sea. Fluorophore 2may be useful for identifying
themean long-term distribution of terrestrial material within the North
Sea. As such, the rapid decrease in intensity of fluorophore 2 at distances
N200 km offshore (Fig. 8d) may hint at a key region for future research
into the processes limiting tDOM transference from this shelf system to
the wider North Atlantic Ocean.

Despite the apparent stability of the fluorescent organicmatter field,
Osburn and Stedmon (2011) recently drew attention to the lack of asso-
ciated lignin biomarkers within the terrestrial fluorophores in the
Southern North Sea, arguing for a more complex story than simple riv-
erine input and subsequent coastal mixing. Optical measurements
such as a375, S300–600 and SR all indicate marine or substantially aged
and photodegraded tDOM was present during the survey (Table 2).
This is in agreement with the limited salinity gradient observed,
which did not include freshwater endmembermeasurements (all sam-
ples N 32 g kg−1). Notably, however, photodegradation of lignin, and of
chromophoric or coloured DOM (CDOM), and of DOM more generally,
can be rapid, with 75% of dissolved lignin removed in b1 month
(Opsahl and Benner, 1998; Benner and Kaiser, 2011), and N50% of
CDOM lost in b2 months (Moran et al., 2000). The lack of strong lignin
biomarker concentrations in the southern North Sea does not under-
mine the argument of riverine input as the dominant source, but does
support a conclusion of this study that the observed terrestrial
ophore 2 and DOC. Red lines indicate line of best fit, grey lines the 95% confidence intervals
der is referred to the web version of this article.)



Fig. 8. Relationship between selected measured parameters and distance from land including a) absorption spectral slope (S300–600), b) absorption coefficient at 375 nm (a375), c) slope
ratio (SR), d) normalised fluorophore intensity, e) absolute salinity (SA), f) conservative temperature (Θ), g) fluorophore ratios, h SUVA254, i) silicate, j) dissolved nitrogen species, k)
dissolved phosphorous species, l) dissolved organic carbon.
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fluorophore is largely of non-recent origin and thus likely to be refrac-
tory in nature; an observation further supported by the distribution of
SUVA254 (Fig. 5d).

4.2. tDOM distribution relative to riverine inputs

A recent global synthesis by Dai et al. (2012) of riverine DOC inputs
to the ocean included descriptions of 9 rivers entering the North Sea.
The mean annual riverine DOC fluxes ranged from 0.014 Tg C yr−1

(river Tweed, UK) to 0.204 Tg C yr−1 (river Rhine, The Netherlands).
The two largest drainage areas of the sites considered by Dai et al. are
the Rhine (0.165 × 106 km2) and the Elbe (0.124 × 106 km2), with cor-
responding discharges of 70.5 and 21.4 km3 yr−1. Both rivers enter the
North Sea in the southern or southeastern sector and the outflows are
close to the region of highest intensity for fluorophore 2 (Fig. 10). Inter-
estingly, neither the Rhine nor the River Elbe are characterised by high
DOC concentrations or drainage area averaged DOC fluxes (242 and
383 μmol C L−1 or 1.2 and 0.8 g C m−2 yr−1 respectively), indicating
that both rivers are comparatively dilute DOC sources. Instead, the
highest DOC concentrations were reportedly for the Tyne river (UK,
1230 μmol C L−1/9.5 g C m−2 yr−1) and the Scheldt (the Netherlands,
567 μmol C L−1/1.2 g C m−2 yr−1) or Ems rivers (Germany, 567 μmol
C L−1/2.2 g C m−2 yr−1) (Dai et al., 2012). Aweakfluorophore signature
was observed offshore of the Tyne outflow (~55°N; Fig. 10), most likely
due to the comparatively low annual discharge of 1.4 km3 yr−1 despite
the highest DOC production rate per unit of land area. There was little
indication of elevated fluorescent intensities immediately offshore of
the Scheldt, but the Ems river may contribute to the overall distribution
of fluorophore 2 by virtue of the location of the river mouth lying mid-
way between the Rhine and Elbe rivers. Annual DOC discharges were
0.021, 0.026 and0.018 Tg C yr−1 for the Tyne, Scheldt and Ems rivers re-
spectively, with discharges being considerably smaller than reported for
the Rhine and Elbe (0.099 Tg C yr−1) rivers (Dai et al., 2012). Thus, de-
spite being concentrated DOC sources, the spatial impact of discharges
from the Tyne, Scheldt and Ems rivers seems to be geographically
limited.

There are nevertheless limitations to the interpretation of riverine
inputs obtainable from Fig. 10, largely due to the limited number of riv-
ers considered but it would seem that a substantial terrestrial signal
originates from the east coast of the UK, particularly around East Anglia
(~53°N), that is not associatedwith the 9 rivers indicated in Fig. 10. Sev-
eral additional rivers, including the Great Ouse (554 μmol DOC L−1/
0.23 g C m−2 yr−1; Neal et al., 2000), and at least one large estuary,
the Wash, enter the North Sea here contributing to the East Anglian
plume (Bristow et al., 2013), which could conceivably explain the pat-
tern observed. However, whilst Worrall et al. (2012) have estimated
the average annual flux of DOC from the UK to be 0.91 ± 0.35 Tg C
yr−1, with a dominant export flux from regions rich in organic soils,
such as the highlands of Scotland, only minor fluxes were estimated
for theUK's east coast in that study. Furthermore, a qualitative examina-
tion of North Sea DOC distributions does not indicate elevated concen-
trations of DOC off northeast Scotland (Fig. 1), yet the intensity of
fluorophore 2 was elevated along the east coast of the UK (Fig. 6).
These contrasting results suggest that whilst terrestrial material is
reaching coastal waters of the western North Sea and leaving an identi-
fiable spectral fingerprint within the DOM pool, the absence of associ-
ated high DOC concentrations indicates rapid dilution of inputs and/or
rapid biological and photochemical transformation of tDOM. Interest-
ingly, elevated DOP concentrations were observed around the Orkney
Islands and Duncansby Head (northeast Scotland), stretching as far
north as the Shetland Islands (Fig. 1), with this signature possibly
advected eastwards through the Pentland Firth (the narrow seaway
separating mainland Scotland from the Orkney Islands) or northwards
from the Moray Firth. The dissimilarity with the distribution of
fluorophore 2, however, suggests that the DOP enrichment seen in
this region is marine rather than terrestrial in origin.

Low salinity waters along the Belgian, German and Danish coastline
have long been recognised (Lee, 1980; Otto et al., 1990; Huthnance,



Fig. 9. Comparison of the North Sea natural fluorescence distribution as measured by Laane and Kramer (1990) in the 1980s with the results of this study. Note that the Laan and Kramer
contours (thick black lines) are in units ofmillifluorescence (mFl), whilst fluorophore 2 (thin black lines and underlying contourmap) is normalised fluorescence intensity (RamanUnits).
The green squares indicate the Laane and Kramer sampling positions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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1991), and are commonly associated with freshwater discharge from
the Scheldt, Rhine/Meuse, Elbe and Weser rivers. The Scheldt is a con-
centrated DOC source (Dai et al., 2012), hence a river of particular inter-
est for organic inputs to the North Sea. Models suggest however, that
the influence of the Scheldt discharge on near coastal salinities is geo-
graphically limited and the Rhine/Meuse discharge is dominant
(Lacroix et al., 2004). Subsequent eastward advection of low salinity
waters into the German Bight and then northwards within the Jutland
Coastal Current is argued to draw low salinity and DOM rich waters
away from the German Bight and into the Kattegat (Stedmon et al.,
2010). In the present study, the data indicate the Baltic Sea outflow to
be a distinct secondary source of tDOM rather than a recirculatory
source of tDOM originating from the German Bight.

4.3. tDOM supply from the Baltic Sea

Drainage basins surrounding the Baltic Sea contain extensive conif-
erous forests and peatlandswith estimates of riverine organic carbon in-
puts ranging from2.2 to 3.7 Tg C yr−1 (Thomas et al., 2010; Kulinski and
Pempkowiak, 2011; Seidel et al., 2017). There is a net export of organic
carbon from the Baltic to the North Sea of between ~1.7 and ~3.5 Tg C
yr−1 (Kulinski and Pempkowiak, 2011; Gustafsson et al. 2014; Seidel
et al., 2017). However, Bianchi et al. (1997) reported north to south gra-
dients in lignin concentrations from the northern Bothnian Bay to the
Baltic Proper revealing rapid reduction in lignin concentrations with
distance from the input sources. The long residence time of the Baltic
Sea also provides time for dilution viamixing, and for substantialmicro-
bial reworking and photodegradation of tDOM before water exits the
Baltic Sea via the Skagerrak into the North Sea (Seidel et al. 2017).
Once released from the Skagerrak transport times to the northern
boundary of the North Sea (~62°N) are approximately 2 to 6 weeks
(Føyn and Rey, 1981); hence Baltic Sea inputs may not persist in the
North Sea for very long. In contrast, the Weser and Elbe outflow to the
German Bight have more immediate and substantial loadings of fresh
organic material from both natural and anthropogenic origins. In keep-
ing with previous observations reported by Søndergaard et al. (2003),
this terrestrial signature is, nevertheless, quickly dissipated in the
coastal zone, such that much of the central North Sea appears to be
without any terrestrial signature within the DOM pool (Fig. 5). This dis-
tribution matches the general circulation of the North Sea and of the
North Atlantic inflow patterns. Thus distinct tDOM inputs from the Bal-
tic Sea and from major rivers are required to explain the overall tDOM
loading of the North Sea.

4.4. Submarine groundwater discharge and sediment sources of tDOM

Submarine groundwater discharge (SGD) is a significant component
of the hydrological cycle and a known source of tDOM and other nutri-
ents in coastal settings (Swarzenski et al., 2007; Moore, 2010). SGD in-
puts of tDOM can be due to direct inputs from groundwater discharge
as well as mobilization of significant terrestrial POC deposition in shal-
low waters (Burdige et al., 2000) and elevated DOC concentrations in



Fig. 10. Summaryoverviewof river inputs to theNorth Sea as compiled byDai et al. (2012). a)Map showing river locations in relation to the spatial distribution offluorophore 2 (terrestrial
humic material; Fig. 5b) and b) river drainage area, c), annual mean river discharge, d) mean riverine DOC concentration and e) annual riverine DOC flux. The numbers shown in panel a
correspond to the rivers as numbered in panel b.
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sediment porewaters due to microbial activity (Lübben et al., 2009;
Moore et al. 2011). Permanently well mixed waters in the southern
North Sea (Lee, 1980; Lacroix et al., 2004), coupled with observations
of significant groundwater discharge in the Wadden Sea area (Lübben
et al., 2009; Moore et al., 2011) may make SGD a viable source for
some of the observed tDOM signal. In addition, nitrogen and phospho-
rus concentrations in UK groundwater are elevated compared to coastal
waters (Stuart and Lapworth, 2016) andmay fertilise and stimulatemi-
crobiological processes which release DOC indirectly from coastal sedi-
ments (Slomp and Van Cappellen, 2004). Inputs from SGD sources are
however considered hard to distinguish due to high background con-
centrations of tDOM in the German Bight derived from riverine inputs
(Stedmon et al. 2010). Nevertheless, sedimentary release and/or
microbially reworked DOM exported from intertidal sediments cannot
be excluded as potential sources for some of the observed signals seen
in coastal areas of the southern North Sea. In particular, high intensities
of fluorophore 1 (Fig. 5a) in a region of known groundwater discharge
(Lübben et al., 2009; Moore et al. 2011) may indicate a sedimentary or-
igin mobilised by SGD.

4.5. Linear versus non-linear tDOM removal

Salinity induced aggregation is suggested to drive the removal of
tDOM at the freshwater-seawater interface (typically at salinities b15
g kg−1; Sholkovitz et al., 1978), alongwith bacterial reworking andpho-
tochemical alteration (Bianchi, 2007). These contrasting processes
broadly control the linear or non-linear behaviour of tDOM in coastal
waters. The findings reported here suggest that the dual relationships
between tDOM fluorescence and salinity for the Baltic and European
continental river outflows are linear across the salinity range sampled
with no indication of non-linear removal at salinities N32 g kg−1 (Fig.
6a). At oceanic salinities the terrestrial signature is weak, and probably
weakened further by strong photochemical alteration over seasonal or
multiyear timescales. As a consequence of this, and in conjunction
with the cyclonic circulation of theNorth Sea, the signature of terrestrial
material is broadly restricted to the edges of the North Sea, where salin-
ities are lower and the distance to terrestrial sources shorter. Such a pat-
tern is also in keepingwith estimates of the residence time of the North
Sea, which although varying for different sub-sectors, is estimated to be
approximately 2 years for the southern North Sea (Prandle, 1984; Blaas
et al., 2001). The residence timeofwaterwithin theNorth Sea can be ex-
tended up to 4 years for waters entering the North Sea near Scotland, or
reduced to b100 days for water in the Norwegian Trench (Blaas et al.,
2001). Thus, the spectral signature of fluorophore 2 predominately
found in the southern North Sea is probably reflective of material that
is ~2 years old, and certainly b4 years old.

4.6. Photodegradation versus conservative mixing

The relationship between a375 and S300–600 (Fig. 3) indicated conser-
vative mixing between two sources waters, a marine component with
low a375 and high S300–600 and a fresher component with high a375
and low S300–600. In a simple scenario of fresh water input mixing with
oceanic water, the resulting relationship would be similar to that
shown in Fig. 3, thus the relative proportion of fresh and marine water
would dictate the dilution of terrestrial inputs (Stedmon and
Markager, 2003). In contrast, the trend for decreased values of a375
and increased values of S300–600 and SR with distance offshore (Fig. 8)



Fig. 11. Relationship between the spectral slope (S275–295) and the DOC normalised absorption coefficient at 350 nm (a*cdom= a350/DOC) for the North Sea. The green line represents the
double exponential best fit to the data (a*cdom = exp.(α–β S275–295) + exp. (γ−δ S275–295) whereα, β γ and δ are best fit parameters (α=3.1390, β=−5.0978, γ=6.9050, δ=178.2239). The
red line indicates the corresponding fit obtained by Fichot and Benner (2012). (For interpretation of the references to colour in this figure legend, the reader is referred to theweb version
of this article.)
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are also indicative of photodegradation effects (Helms et al., 2008;
Fichot and Benner, 2012). Specifically, the offshelf increase in SR,
which was driven by an increase in S275–295 and a decrease in S350–400
with distance from land, has been linked to coincident shifts in themo-
lecular weight of the DOM pool (Helms et al., 2008). Such gradients fit
the conceptual model of the cumulative effects of photodegradation in
coastal waters described by Fichot and Benner (2012), and recently
demonstrated at the global level by Maasicotte et al. (2017), in which
S275–295 increases and DOM concentrations and molecular weights de-
crease along the continuum from river mouth to shelf break. Indeed, a
repeat of the analysis described by Fichot and Benner (2012) relating
S275–295 to the DOC normalised absorption coefficient at 350 nm (i.e.
a*cdom = a350/DOC) revealed similar results with low values of S275–295
corresponding to high DOC normalised absorption (a⁎cdom), and higher
values of S275–295 corresponding to lowDOCnormalised absorption (Fig.
11). There were, however, several differences making the identification
of riverine (low S275–295) or marine (high S275–295) endmembers prob-
lematic. Firstly, there was considerably more scatter in the North Sea
dataset compared to the Gulf of Mexico dataset studied by Fichot and
Benner (2012). This may be due to weaker riverine inputs (due to dis-
tance offshore), greater variability in DOC concentrations, largermarine
influences (again due to distance offshore) and more generally a
narrower salinity range in the North Sea (32.3–35.4 g kg−1 vs 0–36.95
psu in Fichot and Benner (2012)). Secondly, whilst the range of a*cdom
was comparable between studies, lower estimates of S275–295 were ob-
tained for the North Sea, resulting in a shift of the best fit line (Fig.
11). Thirdly, the Fichot and Benner (2012) relationship converged to-
wards zero a*cdom at high S275–295 values, whilst the North Sea dataset
did not. The Fichot and Benner (2012) relationship would therefore
imply minimal impact by DOC on absorption at high S275–295 values,
whereas the North Sea dataset converged towards a constant value of
a*cdom above S275–295 values of 0.03 nm−1. Regardless of these differ-
ences, which may also reflect regional variation in the relationship
between S275–295 and a*cdom (Maasicotte et al., 2017), the general rela-
tionship between S275–295 and a*cdom is comparable between these
two datasets, and thus supportive of the global utility of the relationship
for tracing changes in the lability of tDOM (Maasicotte et al., 2017).

4.7. Pathways for tDOM export to the Atlantic Ocean

Based on the results of this study, and the similarity and long-term
stability of terrestrial fluorescence distribution to previous observations
(Fig. 9), it appears that terrestrial inputs are restricted to near coastal
waters (b200 km from land), largely advected around the edges of the
North Sea, and most likely exit the North Sea along the Norwegian
coast to the northeast, following the North Sea residual circulation.
However, the observed tDOM signal was weak in the northeastern
North Sea, where Norwegian coastal waters were not adequately sam-
pled to determine their terrestrial loadings, though they are believed
to be high (Højerslev, 1981). Thus, it remains unclear if a route for
tDOM export from the North Sea exists closer to Norway thanwas sam-
pled here or whether the tDOM spectral signature is almost entirely lost
through mixing and photodegradation within the confines of the North
Sea minimising the potential for tDOM export to the open ocean. The
latter scenario would suggest that there is significant potential for the
loss of river borne terrestrial carbon to the atmosphere after discharge
to the coastal ocean.

4.8. Open questions

Questions remain concerning the age and lability of the identified
spectral components, the relative contribution of terrestrial and oceanic
DOM to the measured organic nutrient pools, the semi-constant spatial
distribution of (terrestrial) fluorescence over 6 decades, the ultimate
fate of terrestrial material entering the North Sea, the relative balance
between photochemical degradation, microbial breakdown, and export
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to the ocean, the role of seasonal variability, and, more generally, the
significance of photodegradation as a removal process. These are not
new questions and are active areas of research. One intriguing result re-
ported here, was the widespread distribution of phenylalanine-like
fluorescence (fluorophore 1). Its ubiquitous presence would indicate a
marine origin, though its precise source is unclear. Certainly, there
was no distinction between peripheral or central North Sea waters nor
any major offshore gradient or relationships to salinity or chlorophyll.
Though vascular plants produce lignin phenols fromphenylalanine dur-
ing the lignin biosynthesis phase (Whetten and Sederoff, 1995), the
subsequent release and accumulation of phenylalanine in marine wa-
ters during the degradation of lignin has not, as far as we are aware,
been reported for the ocean, whereas rapid photodegradation of phe-
nylalanine is well recognised, and would act to remove phenylalanine
from the water column (Benner and Kaiser, 2011). A strong contender
for the origin of this fluorophore may therefore be a blue-shifted tyro-
sine spectrum of marine origin (Yamashita et al., 2008). Consequently,
given the rarity of observations of this fluorophore, a degree of caution
is advised against extrapolation to possible sources.

5. Conclusions

• Three fluorophores were spectrally identified in the dissolved organic
matter pool of North Sea surface waters during a summer survey.
These fluorophores represented 1 terrestrial humic, 1 tyrosine-like
amino acid and 1 phenylalanine-like amino acid compound classes.

• Only weak correlations were found between DOC, DON or DOP and
the individual fluorophores indicating significant marine contribu-
tions to the organic nutrient pools.

• Salinity had the strongest relationship to the humic fluorophore
supporting a terrestrial source.

• Two distinct sources of terrestrial fluorophores were identified, the
Baltic Sea outflow and theWeser/Elbe rivers but minor contributions
from other rivers are required to explain the observed distribution of
humic material.

• Fluorophore 1 (phenylalanine-like amino acid) shared spatial similar-
ities to PO4 and DOP fields, fluorophore 2 (terrestrial humic) was dis-
tributed around the edge of the North Sea whilst fluorophore 3
(tyrosine-like amino acid) could not be linked to the distribution of
any measured parameter.

• Spectral absorption measurements indicated either aged or oceanic
organic matter to be present within the humic fluorophore pool. It
did not support fresh tDOM input, suggesting that the observed
humicfluorophorewas not recently added or had been rapidly photo-
chemically altered.

• The residence time of the southern North Sea (~2 yr) is sufficient to
retain tDOM over multi-year timescales, providing adequate time for
photodegradation of material and may explain the “aged” absorption
results and the offshore gradients in parameters.

• The apparent multi-decadal stability of DOM fluorescence in the
southern North Sea suggests that increased tDOM inputs in recent de-
cades have been insufficient to change observed distributions at the
scale of the North Sea.

• There was no clear evidence of significant tDOM export from the
North Sea to the Atlantic Ocean suggesting that tDOM inputs are
remineralized internally with the potential for subsequent loss to
the atmosphere. However Norwegian coastal waters were unsampled
and an export flux associated with the Norwegian Trench cannot be
discounted.
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