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Oxygen (@) deciency, i.e., dissolved G concentrations below 6mgQ L 1, is
a common feature in the southern North Sea. Its evolution is ayerned mainly by
the presence of seasonal strati cation and production of oganic matter, which is
subsequently degraded under @ consumption. The latter is strongly in uenced by
riverine nutrient loads, i.e., nitrogen (N) and phosphoruéP). As riverine P loads have
been reduced signi cantly over the past decades, this studyaims for the quanti cation
of the in uence of riverine and non-riverine N inputs on the @dynamics in the southern
North Sea. For this purpose, we present an approach to expanda nutrient-tagging
technique for physical-biogeochemical models — often refeed to as “trans-boundary
nutrient transports' (TBNT) — by introducing a direct linkatthe O, dynamics. We apply
the expanded TBNT to the physical-biogeochemical model syfem HAMSOM-ECOHAM
and focus our analysis on N-related @ consumption in the southern North Sea during
2000-2014. The analysis reveals that near-bottom @consumption in the southern North
Sea is strongly in uenced by the N supply from the North Atlatic across the northern
shelf edge. However, riverine N sources — especially the Deit, German and British
rivers — as well as the atmosphere also play an important rolén the region with lowest
simulated O, concentrations (around 56 N, 6.5 E), riverine N on average contributes
39% to overall near-bottom Q consumption during seasonal strati cation. Here, the
German and the large Dutch rivers constitute the highest révine contributions (11% and
10%, respectively). At a site in the Oyster Grounds (around4s5 N, 4 E), the average
riverine contribution adds up to 41%, even exceeding that othe North Atlantic. Here,
highest riverine contributions can be attributed to the Duth and British rivers adding
up to almost 28% on average. The atmospheric contribution reults in 13%. Our results
emphasize the importance of anthropogenic N inputs and seasnal strati cation for the
O, conditions in the southern North Sea. They further suggesthit reductions in the
riverine and atmospheric N inputs may have a relevant positg effect on the G levels in
this region.

Keywords: North Sea, eutrophication, nitrogen, oxygen de
trans-boundary nutrient transports (TBNT)
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1. INTRODUCTION Past studies suggested that nutrient inputs from adjacent
North Sea regions may have contributed to the evolution

The availability of dissolved oxygen £Din marine waters of hypoxia in the 1980s Brockmann and Eberlein, 1986;
is crucial for the metabolism of many marine species (e.ggrockmann et al., 1998More recent publications also pointed
Rosenberg et al., 1991; Diaz and Rosenberg,)1#8fpoxic  on nutrient inputs from adjacent seas, especially the Northeas
conditions, i.e., dissolved Zoncentration< 2mgQ;L ! (e.g., Atlantic (Artioli et al., 2008: Gréger et al., 2013n addition,
Tyson and Pearson, 1991; Rabalais et al.,)200@stitute amajor  the model study bylroost et al. (2013highlighted the in uence
stressor to marine species and can have a severe impact on @ htmospheric N deposition on NPP in the southeastern North
ecosystem's biodiversity(ay et al., 2002; Vaquer-Sunyer andSea and on near-bottom Oconcentrations. Quantifying the
Duarte, 2008; Topcu et al., 2009; Friedrich et al., 014 contributions of these di erent nutrient sources in the regs

In the North Sea — a northwestern European shelkusceptible to @ de ciency is vital for the development of
sea— hypoxic conditions occurred in the summers of thgotential management strategies for these regions. Thisadeim
1980s Rachor and Albrecht, 1983; von Westernhagen angs in line with the “integrated target-oriented and source-
Dethlefsen, 1983; Brockmann and Eberlein, 1986; Peetesfiented” management approach BSPAR (1999)
et al., 199) causing death of benthic and demersal species A nutrient tagging method applicable to biogeochemical
(von Westernhagen and Dethlefsen, 1p8Bierent studies models — often referred to as “trans-boundary nutrient
showed that these occurrences of low CGonditions evolved transports” (TBNT; e.g.Blauw et al., 2006; OSPAR, 2)1&-
during seasonal strati cationfon Westernhagen and Dethlefsen, facilitates the tracing of elements (e.g., N) from indivitis@urces
1983; Peeters et al., 199d@riven by eutrophication due to throughout the entire biochemical cycle and the entire estey
excess riverine nutrient load$(ockmann and Eberlein, 1986; (Ménesguen et al., 2006By this, the TBNT method enables
Brockmann et al., 1988; Peeters et al., J9tbconsequence, the quanti cation of the in uence of these individual nutit
the 2nd International Conference on the Protection of thertto  sources on biochemical quantities (e.g., total nitroge) @nd
Sea declared to “aim to achieve a substantial reductionh@f t processes (e.g., NPP) in di erent regions of an ecosystem.
order of 50%) in inputs of phosphorus (P) and nitrogen (N) to  This method has been applied to various European marine
these areas between 1985 and 1985NEG-2, 198§ in order to  ecosystems, including the Baltic Sea (eMppumann, 2007:
mitigate the e ects of eutrophication in the North Sea. Radtke et al., 20)and the North Sea (e.gglauw et al., 2006;

Despite signi cant reductions in riverine nutrients, espali  Lacroix et al., 2007; Painting et al., 2013; Troost et al.3)201
for P but not for N (Artioli et al., 2008; Claussen et al, Troost et al. (2013demonstrated the importance of atmospheric
2009; OSPAR, 20),3seasonal © de ciency (i.e., dissolved N deposition for the o -shore regions of the southern North Sea
Oz concentration< 6mg QL 1; OSPAR, 2003still occurs  where it contributed 10-20% to overall TN and even 20—-30% to
regularly in the southeastern North Séopcu and Brockmann, NPP in 2002. Other studie©)SPAR, 2010; Painting et al., 2)13
2019. Ongoing G monitoring even suggests recurrent (close-showed that N inputs from the large Dutch and German rivers
to-)hypoxic conditions (Weigelt-Krenz, pers. comm.), théwng are the major contributors to TN in the coastal southern and
scienti ¢ publications on such events are spargésgton et al., southeastern North Sea, respectively, while those from teggi
2009. Thus, @ de ciency remains a persistent problem in the at the British North Sea coast extend far east into the o -ghor
North Sea and the investigation of its causes is essentighéo southern North Sea. This, together with the ndings Byole
ecological management. etal. (2016)suggests that these N sources have a strong in uence

GrolRe et al. (2016)applied a physical-biogeochemical on the O, dynamics in the southern and southeastern North Sea.
model to the North Sea analyzing the physico-biochemical Up to now, the TBNT method was limited to the tracing of
interactions that make the southeastern North Sea mostlements brought into the system by the selected sourcés, no
susceptible to @ de ciency. They found that the occurrence allowing for the consideration of © Thus, quantitative analyses
of distinct seasonal thermal strati cation, resulting inthin  of the in uence of di erent nutrient sources on the £dynamics
sub-thermocline layer in this region of intermediate depth,required additional model scenarios within which indivialu
and high local near-surface net primary production (NPP)nutrient sources were removed (e.droost et al., 201)3o0r
constitute the key factors. Consequently, near-bottom Onutrient loads were reduced (e.d.enhart et al., 2000 This
concentrations can become especially low during years gof veimplies an individual scenario was required for each indixtl
high NPP. High NPP enhances (pelagic and benthic) bacteri@utrient source in order to assess its impact on theddnditions
re-mineralization of organic matter, consistently accdogt which is time-consuming and causes high computational costs.

for more than 80% of near-bottom £consumption in the Therefore, this study presents a new approach for expanding
region of lowest bottom @concentrations (about 55.5-568, the TBNT method by a direct link of the ©dynamics to the
6-7 E). nutrient inputs from individual sources. We focus on the tala

In contrast to near-shore eutrophication problem areasmportance of riverine vs. non-riverine sources of N, andithe
a ected by high river loads entering the coastal areas, the o in uence on the @ dynamics in the regions most susceptible to
shore areas a ected by [Ode ciency are exposed to a wider O de ciency.
variety of nutrient sources. Thus, the key question is which We rst describe the applied HAMSOM-ECOHAM model
nutrient inputs drive NPP and @consumption nally, resulting and provide the relevant information on the theory and the
in Oz de ciency in these North Sea regions? implementation of TBNT.Grol2e et al. (2016showed that
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the model system captures the main features of observed @ynamics. It describes two phytoplankton groups (diatoms,
concentrations in the North Sea. Therefore, only the sirteda agellates) and two zooplankton groups (micro- and
volume transports are validated and spatial distributiondbf  mesozooplankton). In addition, the “microbial loop’A¢am
from selected sources are presented and compared to earligral., 198Bis represented. ECOHAM simulates the cycles of
TBNT studies. Finally, the results of the expanded TBNT méthocarbon (C), N, P, silicon (Si) and Q(Patsch and Kihn, 2008;
are presented with special focus on two regions regularly agct Lorkowski et al., 2012 The present version of ECOHAM is
by O, de ciency — the southeastern North Se@ofpcu and identical to that used bysrole et al. (2016)_orkowski et al.
Brockmann, 201pand the Oyster Grounds (e.ggreenwood (2012) provide a full description of the ECOHAM model

etal., 201p equations and parameter settings. Here, we will only sumreari
the relevant features of thex@ycle.

2. MATERIALS AND METHODS Figure lillustrates the @ cycle implemented to ECOHAM
(Muller, 2008; Patsch and Kuhn, 200&ncluding the links to

2.1. The HAMSOM-ECOHAM Model the cycles of C, N and P. The arrows indicate the loss or

We use a three-dimensional (3D) model consisting of thegain of a substance, e.g., @Hs released during benthic re-
physical model HAMSOM (HAMburg Shelf Ocean Model; mineralization and utilized during pelagic nitri cation. fie air-
Backhaus, 1985; Pohlmann, 1991, )&t the biogeochemical sea ux of & is parametrized according té¢/anninkhof (1992)
model ECOHAM (ECOsystem model, HAMburgratsch and In the interior water column, NPP [according tbiebig (1841)
Kiihn, 2008; Kiihn et al., 2010; Lorkowski et al., 2012; GroRand Steele (1962)constitutes a source process for, @nd
et al., 201 HAMSOM is a baroclinic, primitive equation links O, to the cycles of N, P, and C. All other biochemical
model using the hydrostatic and Boussinesq approximationprocesses, namely respiration by zooplanktte(ner and Elser,
(Pohlmann, 199). The current velocities are calculated using2002 and aerobic bacteria, and nitri cation, represent,O
the component-upstream scheme. The horizontal is discrétizeconsuming processes. While the former processes constitute
on a staggered Arakawa C-gridigkawa and Lamb, 19Yand links of O, to the cycles of C, N, and P, nitrication is
z-coordinates are applied to the vertical. A detailed desaipti only linked to N. Pelagic denitri cation is implemented to
of HAMSOM is provided byPohimann (1991, 1996, 2006) ECOHAM, but is negligible as it only takes place under
HAMSOM applications can be found, e.g., Backhaus and anaerobic conditions, not occurring in the North Sea. Palagi
Hainbucher (1987)Chen et al. (2013)Pohimann (1996)and anaerobic NI% oxidation (anammox) is not implemented for
Mathis and Pohlmann (2014)The 3D elds of temperature the same reasonC{ol3e et al., 206 NPP is T-dependent
(T), salinity (8§, advective ow and vertical turbulent mixing and pelagic nitri cation is light-limited in the applied model
coe cients calculated by HAMSOM are used as forcing forsetup.
ECOHAM. The sediment is described by a simple zero-dimensional
The ECOHAM model represents all parameter groupsmodule (Patsch and Kihn, 2008 Benthic re-mineralization
of a so-called NPZD-type model (nutrients-phytoplankton-follows a rst-order approach inhibiting year-to-year
zooplankton-detritus) to represent the lower trophic levelaccumulation of matter Grole et al., 20)6 Benthic

atmosphere

pelagic .

sediment

FIGURE 1 | Schematic view of the @ cycle as implemented to ECOHAM (black framed boxes and blac&rrows), including the links to the C, N, and P cycles (yellaw
green and red, respectively). Linking state variables areissolved inorganic C (DIC), N%, NO, , and Poi . Adapted from Muller (2008)
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denitri cation is linked to benthic @ consumption according 2.2.1. Tracing Elements from Individual Sources
to Seitzinger and Giblin (1996yeducing the @ concentration The convection-di usion equation describes the change in
in the deepest pelagic layétdnnel et al., 2006Explicit benthic  concentration of a selected bulk state variable with time
nitri cation and benthic anammox are not implemente@#étsch due to dierent physical and biochemical processes. This
and Kuhn, 2008 equation represents the di erential equation solved by physica
In relation to the re-mineralization processes it has tobiogeochemical models. A detailed derivation of the coriveet
be mentioned that the C:N:P ratios of particulate (POM)diusion equation for a fraction variable starting from thdor
and dissolved organic matter (DOM) can evolve freelya bulk state variable is provided B¥adtke (2012)The source-
with time. POM is represented by two detritus speciespeci c convection-di usion equation for a constant volunye
(small/large). Model DOM and POM only represent theas used in this study reads as follows:
reactive fractions Kihn et al., 201)) Carbon oxidation

occurs with a molar ratio ofC=0, D 1 (Neumann, 2000; dC‘X = C'X C'X C'Xin

Paulmier et al., 2009 Therefore, the @ consumption due to  (t Dr DrCx o " B/ Cx CRex Cy..
respiratory processes can be described by the corresponding | -z 3o {z X’ | —{z—}
net C release, except for nitrication for which the molar diusion convectioradvection SOU'C%'”"(S:L)

ratio between NI% uptake and @ consumption is 2. i . .
The model equations and parameters of the biochemical'®® x and Cx represent the concentrations of the fraction

rocesses a ecting are given in Appendix A (Supplementar of state variableX originating from the i-th input source
E/Iaterial) g g PP PP Y and that of the corresponding bulk state variable, respegtivel

The diusive transport is calculated according to Fick's rst

law, with the second order di usion tensor (or di usivityp.
2.2. The TBNT Method In the convective/advective transport terr represents the
The basic concept of TBNT is that any property (e.g., inputhree-dimensional velocity vectdRc, represents the change in
source) of an element (e.g., N) can be traced throughout theoncentration oiX due to the sources and sinks (i.e., biochemical
entire elemental cycle represented by a biogeochemical Inodgrocesses, input from external sources). The indgxin the
This is done by introducing additional model state variable fraction of this term indicates that the relative contrilorn of the
and processes for each property. This concept dates back to thete variable, that is consumed by a biochemical procasseds
work by Ménesguen and Hoch (199Avho introduced the age For n individually labeled input sources (i.€.,D 1, 2,...,
as a property, and later on has been applied to various modefs- 1, n), the concentration of each bulk state variatdeat
and ecosystems (e.g\ijsman et al., 2004; Blauw et al., 2006;a speci ¢ location and point in time equals the sum of its
Ménesguen et al., 2006; Lacroix et al., 2007; Neumann, 20@éntributing fraction state variables:
Timmermann et al., 2010; Radtke et al., 2012; Painting et al.
2013; Troost et al., 2013; Perrot et al., 2014; Radtke and, Maa X i
2018. Cx D Cy. 2

According to Ménesguen and Hoch (1997any propertyp iD1

(e.g., origin/source etc.) can be attached to any stat@bi@X,  According to Equation (1) all physical (di usion and transport)
and can be traced within a biogeochemical model by solvmgnd biochemical processes (sources/sinks) aect@g are
an additional di eren_tial equation for the producX p instead calculated as the product of the process basedCgrand the
of the bulk state variablX. The productX p then represents e |ative contribution of the fraction variabl&} =Cx. Thus, the
that subset of the state variablewith the de ned propertyp.  yaior assumption of Equation (1) is that there is no preference
Technlcally, the produqx p is introduced into the model as ¢, any fraction variableX' by any (physical or biochemical)
anew fraction state vquab)q) D X P and. the relat_ed ProCesSes process, which relates to the fact that all fraction varisisleare
are introduced according to the di erential equation desing chemically and physically identical.
the changes in the corresponding bulk state variakleEach Compared to previous TBNT studies (elglénesguen et al.,
combination of state variablésand properties; (€.9., dierent  5405. Radtke et al., 201this implies a di erent treatment of
input sources)X, D X pi, requires an additional di erential e gj ysive transport. In our study its calculation bases dret
equation to be solved by the model. For easier readabifyis  spatial gradients of the bulk variable concentration. In iearl
hereafter denoted as'. studies the concentration gradients of the fraction valeabere
Compared to existing TBNT studies, we apply a slightljused. In fact, it is dicult to state which approach is more
di erent approach which allows for the diagnostic calculationcorrect than the other as the di usive transport according to
of the temporal evolution and spatial dispersal Xf In the Fick's rst law is a net transport, i.e., the actual gross sports
following, the theory for this element tracing approach issyi  are not known. However, it has to be noted that the di usive
described. In this context, the terms “bulk” and “fractioate  transports of the individual fraction variableX' according
used to refer to the overall state variables and processés, ato Ménesguen et al. (200@nd Radtke et al. (2012¢an be
their labeled counterparts, respectively. Thereafter, fpg@ach opposed, while those following Equation (1) are unidirectiona
for linking the biochemical processes a ecting @ the cycle of Despite this di erent treatment the resulting di erences ingh
atraced element is presented. fraction variable distributions are expected to be gengsthall
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and noticeable di erences may only occur in the case of largand agellates for NPP, micro- and mesozooplankton for
di erences between the spatial gradients of the fraction anidb zooplankton respiration. For pelagic re-mineralization .(i.e
variables. The di usive transport of the bulk variable will beet  bacterial respiration), the bacteria are used while for bentbi
same in both cases. mineralization the amount of detrital matter in the sedinten
The advantage of the calculation based on Equation (1) is used. In case of N labeling in ECOHAM, the mediator
that the element tracing can be conducted by means of a posttate variables are: diatom-N and agellate-N for NPP, micro
processing software utilizing the standard output of the amplie and mesozooplankton-N for zooplankton respiration, bacteria
model. It only requires the provision of the 3D output elds of al N for pelagic re-mineralization and sediment-N for benther
processes and state variables involved in the selectedregklme mineralization. In case of P labeling, which is not part ofsthi

cycle. study, the corresponding model state variables can be used as
mediator.

2.2.2. Linking Oxygen-Affecting Processes to The use of the mediator implies that the concentration of

Labeled Nutrients the C-based mediator variable (e.g., diatom-C) is propogion

In order to allow for the quantication of the inuence of to the corresponding concentration of the N-based mediator
(organic and inorganic) nutrients from individual source®  variable (e.g., diatom-N), according to the applied stoichéom.
the O, dynamics the establishment of a link between the two i€ onceptually, their use can be interpreted such that the
required. This implies that only the local biochemical pra&s hiomasses (containing C, N, and P) of the di erent organisms
aecting Oz can be linked to labeled nutrients, while physical(phyto-/zooplankton, bacteria) and that of benthic detritahtter
processes (i.e., lateral e ects) that only depend eit§2lf cannot  are controlled by N from the individual input sources.
be considered explicitly. Our study focuses on the in uence of N on near-bottom
According to Equation (1) biochemical processes on fractior, in the o -shore regions of the North Sea, where NPP is
variables (e.g., uptake of NOcontaining N from the Elbe by negligible due to light limitation GroRRe et al., 20)6Therefore,
diatoms) can be calculated using the bulk process and thevela we use gross £ consumption (GOC), i.e., the sum of all

contribution of the fraction variable to the bulk variable: biochemical @-consuming processes as the key quantity in our
i analysis. In ECOHAM, these processes are: pelagic and benthic
Rei D Rey % 3) re-mineralization, zooplankton respiration and nitri catn. The
X Cx here used GOC is comparable to the often used “apparent oxygen

- . - ) utilization (AOU)”.
Similarly, Equation (3) can be used for linking the-@ ecting

processes to labeled nutrients. In case of ECOHAM, the 02 3 Model Setup and TBNT Calculation
dynamics are linked to the cycles of C, N, and P by dierenty 3 1 Model Setup
processes (séegure 1). In case of @-a ecting processes whose 1he model setup used for this study is identical to that
formulation is based on a state variable containing thelbe yaogcribedirGrore et al. (2016Both, HAMSOM and ECOHAM
element, this state variable can be used for the link to the O applied to the same model éomain and grid compris'ing
cycle. Eor instance, £onsumption due to nitri cation is based e entire North Sea, large parts of the northwest European
on NHy containing the labeled element in case of N labeling.  continental shelf and parts of the adjacent Northeast Aitant
For processes whose formulation is based on a dierenh.qqn (seeFigure 2. The domain extends from 15.250/
element than the labeled one (e.g., NPP with “currency’ ¢, 14 083 E and from 47.583N to 63.983N. The horizontal
instead of N), a di erent approach is required. In ECOHAM, yeq0)ytion is £5 (1=3 ) with 82 (88) grid points in latitudinal
the formulation of the change in ©due to these processes is jqngitydinal) direction. The vertical dimension is resetvby 31
based on quantities that contain the currency and the labele, |,y ers with a surface layer of 10 m average thickness. Baw t

element, e.g., diatoms containing C, N, and P. Assumingtti@t g ,rtace layer, layer thicknesses increase from 5m to 1,G0m
concentration of the currency of the process is proportional tg,e deepest layers.

the currency of the labeled element these model quantiées ¢ | AMSOM uses monthly, climatological distributions f

be described as “mediatorsjy. These mediators can be Usedand Sbased on the World Ocean Atlas 200Lokright et al.,

for establishing the link between the labeled element ard® 50 for initialization and open boundaries. The open boundary
cycle. For Q-a ecting processes linked to these labeled mediatof,q atment for advective ow as well a8 and Sis described in

variables Equation (3) then reads as: Chen et al. (2013)The meteorological forcing is derived from
i NCEP/NCAR reanalysis dat&élnay et al., 1996; Kistler et al.,
Re D Re, Cxu , 4) 200) and provides 6-hourly information on air temperature,

02 2 Cxy cloud coverage, relative humidity and wind velocity compuatse

For ECOHAM, short-wave radiation is calculated from
with the Op-a ecting, biochemical bulk proced&c,,, and CiXM astronomical radiation and cloud coverage applying a correctio
andCx,, representing the concentrations of the mediator fractionfactor of 0.9 to account for underestimated cloud coverage in
and bulk variable, respectively. the NCEP data in temperate zones. For the biogeochemical stat

Using Equation (4), the following mediator variables arevariables a climatology of depth-dependent monthly averages
used for the @-a ecting processes shown iRigure 1: diatoms was prescribed at the boundaries and annually varying data wa
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TABLE 1 | List of source groups de ned for the TBNT analysis, including
N . lDE i HH abbreviations (used inFigure 2 and in-text) and list of individual group members.
63°N} i
l 4 NL-1 EEEas
H m NL-2 Source group Abbreviation (Number of) contributing sources
|; * BE (NAL
60°N : EJT(-l I : o North Atlantic NA Northern and northwestern North Sea
v uk-2 | boundary
| % NO . English Channel EC Southwestern end of English Channel
o + Others S ) i
STN Ve e | Baltic Sea BS Baltic Sea boundary
} g; b Atmosphere Atmosphere  Surface layer of entire North Sea doain
54°N BS
| German rivers DE (3) Elbe, Weser, Ems
519N Dutch rivers (group 1) NL-1 (3) Rhine, Meuse, North Sea Canal
I Dutch rivers (group 2) NL-2 (2) Lake ljssel West, Lake ljssel &a
Belgian rivers BE (1) Scheldt
48'N m— e — 1 French rivers FR (4) Authie, Canche, Somme, Seine
12°W 6°W 0° 6°E 12°E L
British rivers (group 1) UK-1 (22) Avon at Bournemouth, Froen
FIGURE 2 | Model domain with sub-domain used for TBNT analysis, de ned ;EChfr\]/’VN:font' Sto\l(” a;lzour:emouth,
by three boundaries (solid black): North Atlantic (NA), Etigh Channel (EC) and est, Wallington, rar, Adur, Arun,

. . - . . . Cuckmere, Ouse at Newhaven, Waller's
Baltic Sea (BS). Different markers indicate river input lations for German Y H Chel Colne. D ;
(DE), Dutch (NL-1/NL-2), Belgian (BE), French (FR), BritidhK-1/UK-2), eauibelbastoniiniivilviesile
Norwegian (NO) and other rivers (se@able 1). Dash-dotted lines mark Meden, r;tme, tlﬂplng; ho and Brook,
sections 1 to 11 used for the validation of the volume transpis simulated by o edway, ) our at Harwic ]

HAMSOM, with arrows indicating the direction of positive nie ow. Ticks mark British rivers (group 2) UK-2 (27) Babingley, Ouse at Kingsynn,

start/end points of sections. Boxes 1 and 2 indicate regions sed for time Nene, Welland, North Esk, South Esk,

series analyses in Section 3.2. Almond, Blyth, Dighty Water, Earn, Eden
in Scotland, Eye Water, Esk at Edinburgh,

Firth of Forth, Humber, Leven in Scotland,
Tay, Tees, Tweed, Tyne,Tyne in Scotland,
Wansbeck, Water of Leith, Wear, Yare,

provided for dissolved inorganic carbon (DICprkowski et al., Ythan
2019. A daily climatology of suspended particulate matter WaS oregian rivers NO (12) Bjerkreim, Drammen, Glomma,
derived from results oPohlmann and Puls (19949 include its Kvina, Lygna, Mandal, Nidelva, Numedal,
e ect on the light climate. Otra, Sira, Skien, Tovdal

Daily freshwater run-o and nutrient load data for 254 Other rivers Others (68) remaining rivers: 6 Swedish, 25
rivers were provided by Sonja van Leeuwen (pers. comm.) and Danish, 37 British

constitute a_n updated_ dataset of that .USE(IZI Il}ynhart et_al' River groups de ned in relation to regional OSPAR river groups{G-EMO, 2009; OSPAR,
(2010)covering the period 1977-2014. River inputs of particulateo1o; Los et al., 2014).

organic N (PON) were calculated as TN minus h@nd NHS,
which are all available in the original data. Dissolved argd is
considered to be zero. The same approach was applied for orgai@3.2. TBNT Setup
P loads. Particulate organic C loads were derived from th&lPOFor the TBNT calculation, a sub-domain within the model
loads using a C:N ratio of 106:1&¢d eld, 193). A detailed domain was de ned, comprising the North Sea, the English
description of the nutrient load calculation for the Germanda Channel and the Kattegat/Belts. The outer boundaries of this
Dutch rivers is given irPatsch et al. (2016) sub-domain (hereafter “North Sea domain”) are: North Atlian
The atmospheric N deposition was derived followigol2e  (NA) in the North, English Channel (EC) in the Southwest
et al. (2016)using annual data from the EMEP (Cooperativeand Baltic Sea (BS) in the East (d&gure 2. An individual
program for monitoring and evaluation of the long-range input source was de ned for each of these outer boundaries and
transmissions of air pollutants in Europe) model covering thematter entering the North Sea across these boundariesésddb
period 1995-2012 and long-term trendSchopp et al., 2003 accordingly. One atmospheric source for the entire North Sea
Atmospheric deposition is implemented as inputs of N@nd domain was de ned to include atmospheric N deposition. The
NHE. individual rivers inside the North Sea domain were grouped to
Both model compartments ran over the period 1977-20148 river groups according to OSPARCG-EMO, 2009; OSPAR,
A time step of 10 minutes was applied for the HAMSOM2010; Los et al., 20).40ne additional river group was de ned
simulation and daily elds ofT, S advective ow and the vertical collecting all rivers not attributed to one of the OSPAR gpsu
turbulent di usion coe cient were stored as output. This d&il (hereafter btherriversiothers). The input locations of the rivers
output was used as physical forcing for ECOHAM, which ran o - of the individual groups are indicated iRigure 2 (see di erent
line applying a time step of 30 minutes. Daily ECOHAM output markers).Table 1provides a complete list of all source groups.
was stored for the entire N cycle and the biochemical prosesse The TBNT analysis was conducted for the period 2000—
a ecting Oo. 2014 using the daily ECOHAM output. A sensitivity study
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with an ECOHAM output time step of two hours showed 2.3.3. Atmospheric and Riverine N Input
that the e ect of the output time step on the TBNT results The applied atmospheric and riverine TN inputs are crucial for
is negligible (not shown). All labeled variables (except fothe results of the TBNT analysis. Therefdréggures 3A,Bshow
the other rivers) are initialized with a relative contribution time series of the annual atmospheric and riverine TN input into
of 0% to the corresponding model state variables. Théhe North Sea domain, respectively. In both panels, the/lekes
other rivers are initialized with a relative contribution of refer to the absolute TN input (in ktN ab). The righty axis in
100% within the entire North Sea domain. This impliesFigure 3A refers to the contributions of the atmospheric input
that the matter initially present inside the domain is fully into di erent subregions of the North Sea domain, relative to
attributed to the other rivers, while the matter originating the total input into the domain: southern North Sell;(area of
from the specically de ned sources has to enter the systemi.7 10Pkm?), northern North SeaHl; 3.8 1(°km?), English
successively. Channel ¢ ;0.9 1(°km?) and Kattegat/Beltd (; 0.5 1P km?).
Starting from the initial distribution, the year 1999 was The southern North Sea represents the North Sea region south
re-run seven times with the nal distribution of the relagv of 56 N until transport section 5 in the Strait of Dover (see
contributions of each labeled state variable used as lizifon ~ Figure 2). The northern North Sea represents the part of the
for the subsequent one. This implies a minor shift in theTBNT domain north of 56 N, including the Skagerrak north
actual masses of individual labeled state variables betweef section 4. The English Channel is the region between the EC
the end and the beginning of two subsequent spin-up yearfoundary and section 5, while the Kattegat/Belts regiomigdid
After the seventh re-run a quasi-steady state was reach@d. T by the BS boundary and section 4. The total area of the Nor¢h Se
gives con dence (1) that realistic distributions of the dtmn  domain is 6.9 1P km?.
variables are reached and (2) that the matter attributed to Figure 3A shows that the atmospheric input (solid line)
the other rivers actually relates to these rivers and not todecreases slowly throughout 2000-2014, with a relativectexh
the initial mass. The advantage of this procedure is that thef about 13% relating to the observed trer&thopp et al., 2003
TBNT analysis can be applied to a comparably short modeThe atmospheric deposition yields 490 kt Nlan 2000 and stays
simulation requiring only one additional year prior to the around 485ktNa?® during 2001-2004. From 2005 on, it shows
analysis period. A comparison of a spin-up over a sequence afsteady decrease reaching 430 kt Nia 2014.
seven years showed negligible di erences (not shown) jstf The relative contributions of the atmospheric TN input into
this procedure. the dierent subregions of the TBNT domain (dotted lines)
The TBNT calculation utilizes a base time step of one day (imre stable throughout 2000-2014. This relates to the faat th
relation to the daily model output) which is halved recurdjve only the total, domain-wide N deposition decreases, while
during the calculation in case of fraction variables beammni the spatial patterns do not change. The largest part of about
negative. 44.7% is deposited in the northern North Sea. About 31.6%

FIGURE 3 | Time series of annualA) atmospheric and (B) riverine TN input (lefy axes and solid lines) into the TBNT domain (sekigure 2 ). Relative contributions
(righty axes and dotted lines) represent the contribution to the tatl input into the TBNT domain by different regions in case oftenospheric deposition and by different
river groups (seeTable 1) in case of riverine input.
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enter the southern North Sea, whose area is less than halfiow comparably high ratios of about 0.45 and 0.47, respégtive
of that of the northern North Sea region, emphasizing thethough corresponding to small overall N loads. The standard
remarkable spatial di erences in atmospheric N deposition. Thaleviation of the annual ratios is <0.05 for all groups. Thus,
relative contributions to the English Channel region andeth inorganic N inputs dominate the ecosystem dynamics.
Kattegat/Belts are about 13.6% and 10.1%, respectively.
The absolute annual riverine TN inputinto the TBNT domain 3, RESULTS
(Figure 3B solid line) ranges between 775 kt N'ain 2005 and
1266 ktNalin 2002. An apparent step change is seen betweeThis section rst provides a brief validation of simulatedivme
2002 and 2003. The relative contributions of the di erentetiv transports as well as spatial distributions of TN from di erent
groups to riverine TN input (dotted lines) show that the NL-1 sources and minimum @ concentrations, simulated by the
rivers (incl. Rhine and Meuse; se€kble 1) are the largest applied model and TBNT framework. By this, we demonstrate
TN source during most years with values between 18.1% arttlat the applied setup reproduces the main features of the North
26.3%. The UK-2 rivers, located at the British east coast, aBea ecosystem relevant to this study. This yields the lwasisif
of similar importance ranging between 17.3% and 25.4%. Thanalysis of the in uence of N inputs on the lynamics.
DE rivers constitute the third largest source during mosarnge ) )
with contributions of 9.9-22.1%. The FR rivers contributesto  3.1. Validation
18.2%. The UK-1 andtherrivers show values between 6.1-13.198.1.1. Volume Transports
and 5.7-14.1%, respectively, with higher values in the periothble 2 presents volume transports across de ned sections
after 2008 compared to the earlier period. This indicates thagimulated by HAMSOM and corresponding transports from
the relative importance of the di erent rivers on the North Seaother modeling studies(fzer, 2011; Winther and Johannessen,
system changed during this period. The remaining rivers @JL- 2009 and observations\{/inther and Johannessen, 200&he
BE, and NO) are less important 6%). 11 sections used for the comparison are indicatedrigure 2
The relative contributions show that the drop in TN input (arrows indicate direction of positive net ow/in ow). They &re
from 2002 to 2003 mainly relates to decreasing inputs from theelected with respect to the North Sea general circulaticidata
DE and NL-1 rivers. Interestingly, the DE rivers show partécly ~ availability. Ozer (2011)conducted a model intercomparison
high relative contributions in 2002 and 2010 (21.3% and#2.1 on the North Sea circulation in 2008. Thus, the corresponding
respectively). Both relate to Elbe ood eventsin August 280, HAMSOM transports across these sections are calculated for
Ulbrich et al., 200Band late summer 2010 (e.¢lienzler et al., 2008 only. For the other sections, given values represeigtatat
2015; Philipp et al., 20)Fespectively. over the 15-year period 2000-2014. The provided observation
It should be noted that average annual PON:TN ratios fordata were compiled byVinther and Johannessen (200&hd
most groups are in the range of 0.16-0.19. Only the UK rivereriginate fromOtto et al. (1990)Rodhe (1996)Rydberg et al.
show lower ratios around 0.08 and the NL-2 and NO rivers(1996) andDanielssen et al. (1997)

TABLE 2 | Volume transports across de ned sections (seeFigure 2) derived from HAMSOM over entire period 2000-2014 comparetb values fromWinther and
Johannessen (2006)and values for 2008 compared toOzer (2011)

Section Analysis This study Winther and Johannessen (2006) Ozer (2011)
Number Period HAMSOM Model Observation Range of model average S
(Flow) Mean Min/max Mean Min/max Literature Three different mod els
1 (in) 2000-2014 0.57 410 °/2.76 0.49 0.01/2.36 0.30 -

2 (in) 2000-2014 1.26 0.21/3.94 0.50 0.02/2.04 0.60 -

3(in) 2000-2014 0.42 310 4/3.03 1.23 0.18/2.91 0.70-1.11 -

3 (out) 2000-2014 2.19 0.10/7.01 2.33 0.67/5.73 1.80 -

4 (net) 2000-2014 0.017 0.46/0.39 0.014 - 0.015 -

5 (in) 2000-2014 0.14 2 10 5/0.89 0.16 0.00/1.03 0.10-0.17 -

5 (net) 2008* 0.10 0.35/0.72 - /- - 0.080-0.121

6 (net) 2008* 0.08 1.64/0.76 - —I- - 0.085- 0.027

7 (net) 2008* 0.18 0.37/1.28 - —I— - 0.163 - 0.207

8 (net) 2008* 0.09 0.28/0.80 - —/- - 0.127 - 0.130

9 (net) 2008* 0.09 0.21/0.78 - —/- - 0.105 - 0.122

10 (net) 2008* 0.44 4.50/1.41 - - - 0.470 0.337

11 (net) 2008* 0.55 0.77/2.94 - —I- - 0.362 — 0.421

The asterisk f) indicates identical analysis periods for this study and the values uddor comparison. Observed literature values compiled byVinther and Johannessen (2006priginate
from Otto et al. (1990) Rodhe (1996) Rydberg et al. (1996) and Danielssen et al. (1997)Parentheses in rst column indicate type of transport: “in"/“out”, gross in-/out ow; “net” , net
ow. All values in Sverdrup (1 S\WD 10% m3 s1).
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HAMSOM reproduces the gross inow from the North 3.1.2. Spatial Distributions of TN from Different
Atlantic across the northern shelf edg@able 2 sections 1 to Sources
3). Average gross in ow through the three sections simwldig  In order to give insight in the dispersal of N from dierent
HAMSOM adds up to 2.25 Sv. This is comparable to the resultiput sources in the North Sedfigure 4 shows the mass-
of Winther and Johannessen (200gielding 2.22 Sv and close weighted average relative contributions of selected inputees
to the upper end of the observed range (1.60-2.01Sv). The ratio TN (i.e., the sum of all N-related model state variables
between the in ows through sections 2 and 3 is opposite to thaincl. sediment-N) during 2000-2014Fi@ure 4A) atmosphere,
for the transports simulated byv/inther and Johannessen (2006) (Figure 4B) German rivers (DE),Figure 40 1st group of Dutch
and to the literature values. However, it should be notedthese rivers (NL-1), and Figure 4D) 2nd group of British rivers
transports are highly sensitive to the position of the separati (UK-2). By aggregating pelagic and benthic state variables th
between sections 2 and 3. The higher minimum-maximuninternal processes (e.g., uptake of N®y diatoms) cancel out
range in the HAMSOM transports (compared winther and  and the spatial distributions of TN from the di erent sources
Johannessen, 200lkely relates to the longer analysis period.basically re ect the e ect of lateral exchange processesy Onl
Regarding the out ow in the Norwegian Trench area (section 3)the loss of molecular N due to benthic denitri cation, and
HAMSOM shows good agreement with the other studies. atmospheric N deposition have an additional in uence. The

The net transport through section 4 (Kattegat) correspondsndividual N sources were selected in relation to existindNTB
with the results of Winther and Johannessen (200@nd  studies on TN OSPAR, 2010; Painting et al., 2013; Troost et al.,
observations. The same applies to the gross in ow through the013.

English Channel (section 5), for which the average net iniow The relative contributions show that the southeastern KMort
2008 matches witbzer (2011)The comparison of the transports Sea is strongly a ected by atmospheric N depositiBig(re 4A)
across the northern shelf edge (sections 1-3) with thosautiin  as well as the selected riverine N sourcEgres 4B-D. In
sections 4 and 5 emphasizes that the Atlantic in ow from thecontrast, these input sources are of minor importanse2(5%)
North constitutes the dominant in ow into the North Sea. in the entire northern and large parts of the central North Sea

For sections 6 and 7, the net transports are in the rangén these regions, TN is dominated by the NA in uence (not
reported byOzer (2011) Though, transports for section 6 are shown) which decreases from 100% in the o -shore regions
rather at its upper end. The negative net transport throughof the northern North Sea to about 50% along the 50-m-
section 6 implies southward ow in the southwestern North Sedsobath.
driven by the Atlantic in ow from the North and freshwater In the coastal northwestern North Sea, the UK-2 (see
discharge from the rivers at the British east coast. In castirthe  Figure 4D) and other rivers (not shown) have an increased
northwestward ow in the eastern part (section 7) is governedn uence. In the northeastern North Sea, the atmosphere
by the continental coastal current driven by the English el (see Figure4Q and the Norwegian rivers (NO; not
in ow and riverine freshwater especially from the large Dutc shown) constitute relevant contributions besides the NA
rivers. contribution.

For the net ow into and out of the German Bight (sections 8 The atmospheric contributionKigure 4A) plays a relevant
and 9, respectively), HAMSOM yields values of about 0.09 Sigle in the southern central and southern North Sea, ranging
slightly below the range provided byzer (2011) This likely —between 5% in the southwestern North Sea and 19% near the
relates to the bathymetry in combination with the vertical Danish west coast. Furthermore, the contributions of the NE-
resolution resulting in a distinct step in the model bathyinye 1, and UK-2 rivers [figures 4B-D respectively) to TN are high
causing a northward turn of parts of the coastal current befor in the southern central and southern North Sea. In the vitini
crossing section 8 (not shown). of the river mouths of Rhine/Meuse (NL-1), Humber and Wash

The negative net ow across section 10 in the westerfUK-2) as well as Elbe and Weser (DE), the contributions of the
central North Sea simulated by HAMSOM indicates the mainlycorresponding rivers can reach values of almost 100%. However
southward ow in this region. The average value 00.44 Sv is their contributions decrease to <40-60% within a distance of
in the range found byDzer (2011)In the eastern central North about 100 km from each river mouth.

Sea (section 11), the positive net ow derived from HAMSOM  Though, the contribution of the NL-1 and UK-2 rivers
represents the generally northward ow in this region refatito  (Figures 4C,0) respectively) extends far into the o -shore
the cyclonic recirculation of most of the southward owingater  regions of the southern North Sea. The former reaches vaaés
masses north of Dogger Bankenhart and Pohlmann, 1997 above 10% in almost the entire southeastern North Sea, wWigle t
The transport is slightly above the range reportedimer (2011) latter stays well above 10% in the entire southwestern pae. T
which may relate to a lower in ow from the Baltic Sea indighte DE inputs Figure 4B) extend northward along the German and
by the di erences in the transports across section 4. Danish west coast. This illustrates the cyclonic generalizition

In summary, the HAMSOM volume transports across theof the North Sea.
outer boundaries and in the interior of the North Sea showdjoo  The relevant contributions of the selected TN sources
agreement with other models and observations and represeate accompanied by a steady decrease in the NA and EC
well the general cyclonic circulation (e.@fto et al., 199))  contributions (not shown) from about 60% in the o -shore
Therefore, the current elds simulated by HAMSOM provide parts to 5-10% in the coastal regions between the mouths of
areliable basis for the TBNT analysis. Rhine/Meuse and the Danish northwest coast.
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FIGURE 4 | Spatial distribution of 15-year, water column averaged rative contributions of TN from different sources during 200-2014: (A) atmosphere, (B) German
rivers (DE){(C) 1st group of Dutch rivers (NL-1)(D) 2nd group of British rivers (UK-2). Color scale cut at uppeirhit. Same color scale for all panels.

3.1.3. Minimum Bottom O » Concentrations Minimum O» concentrations of 5.2mg£L. 1 are found in
GroRRe et al. (2016showed that the applied model setup region 1 (sed-igure 5 which, therefore, is used for a detailed
reproduces the main spatial and temporal features of North Seanalysis of the @ dynamics in relation to N inputs. Region 1
O2, only slightly overestimating near-bottomy@oncentrations. is hereafter referred to as “Ode ciency zone” (ODZ). The
Therefore,Figure 5 only shows the spatial distribution of the comparison with the spatial patterns of TN from individual
overall minimum simulated bottom @ concentration during sources (seBigure 4) indicates that this region is under strong
2000-2014. By this, a rst insight in the concurrence of Nnfro in uence of the DE rivers, but also the NL-1 and UK-2 rivers.
individual input sources and low £concentrations is provided. The atmosphere and the NA also play a relevant role.

Lowest simulated @ concentrations occur in the region Low simulated @ concentrations also occur directly north of
between 54.5-56.5l and 4-7.5E. This is in good agreement Dogger Bank which matches with observatioigeston et al.,
with recurrent observations of de ciency in this region 2008; Greenwood et al., 2010; Queste et al., )2(0te same
in recent years (Figure 14 ifopcu and Brockmann, 20)5 applies to the Oyster Grounds site (sEegure5, region 2)
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It can be seen that the coastal regions of highest GOC
do not correspond to the regions of lowest bottom; O
concentrations (se€&igure 5. This relates to the strong tidal
mixing inhibiting long-lasting seasonal strati cation v
constitutes the prerequisite for the evolution of low; O
conditions Greenwood et al., 2010; Grol3e et al., 201% the
o -shore regions of the southeastern North Sea average dnnua
GOC ranges between 0.1kg@ 2a 1and 0.2kg@m 2a 1.
Here, GOC increases with decreasing water depth due to higher
organic matter availability near the sea ode(ol3e et al., 2096

The spatial distributions of source-specic relative
contributions to GOC (sed-igures 6B—F basically represent
the patterns shown for TN (seEigure 4). Thus, the input of
N from the boundaries (sed-igure 6B), especially the NA,
dominates most o -shore regions of the North Sea, while the
atmosphere and the riverine contributions from NL-1 and UK-2

FIGURE 5 | Spatial distribution of lowest simulated bottom @ concentration (seeFigures 6C,E,F respectively) play an important role for

during 2000-2014. Boxes 1 and 2 indicate regions used for theime series GOC in the southern North Sea. The DE rivers' in uence on

analyses in Section 3.2. GOC is con ned to the German Bight and Danish west coast (see
Figure 6D).

Minor di erences can be seen with respect to the relative
where simulated minimum near-bottom concentrations yiéted importance of the atmosphere which shows a slightly higher
6.5mgQL *. As the Oyster Grounds are well known being contribution to GOC in most o -shore areas compared to its
susceptible to low @conditions (le Wilde et al., 1984; Peeters contribution to TN. This likely relates to the stronger in nee
et al., 1995; Weston et al., 2008; Greenwood et al.)2€1i8  of gtmospheric N deposition on NPP as deposited inorganic N
region is also used for a detailed analysis. At this site, thg immediately available to primary producers. At river mouth
comparison withFigure 4 indicates a strong in uence of the |ocations, the corresponding river groups show slightly leigh

NL-1 and UK-2Z rivers, and the NA (not shown). The atmosphericcontributions to GOC than to TN which underlines the relean

the term “Oyster Grounds” used in this study refers explicidy
the de ned region 2 which was choseninrelationto the stuitly s 3 2.2. |nter-Annual Variability in the ODZ

of Greenwood et al. (2010) Figure 7 provides a more detailed insight in the in uence of N

. from individual sources on GOC in the region most susceptible
3.2. O, Consumption Related to N from to O, de ciency. It shows the time series of average daily, near-
Individual Sources bottom GOC at the ODZ site (sdéigure 5, region 1) during the

Based on the good agreement of the presented results wighrati ed period (syra) Of the individual years 2000-2014, and
existing observations and modeling studies, the followingiverage values ovitat Of the entire periodtstrat is derived from
analyses focus on the in uence of N from selected input sasircesimulatedT following GroRZe et al. (2016 he entire period from

on near-bottom GOC. the very rst day of strati cation until the very last day (ah.
intermittences) is used for averaging. Consequently anesdaily
3.2.1. Spatial Distributions GOC provides a comparable measure for analyzing inter-annual

Figure 6A shows the spatial distributions of annual GOC variations inthe in uence of N from individual sources ongt©,

in the model bottom layer averaged over 2000-2014dynamics, independent of the duration of seasonal stratiara

The corresponding average relative contributions relatedrfor a more quantitative descriptiorifable 3 (left-hand side)

to selected N input sources are given iRigures 6B—F provides the corresponding average (and standard deviation)

(Figure 6B) boundaries (NA, EC, and BS),Figure 6C  values fortsyat, average daily GOC and the relative contributions

atmosphere,Kigure 6D) DE rivers, Figure 6B NL-1rivers, and of individual N sources to average daily GOC for the entiraqebr

(Figure 69 UK-2 rivers. 2000-2014, and for the years 2002 and 2010. All values tefer t
GOC shows a general South-North gradient with high values bottom layer of 6.5 m average thickness.

(>0.3kgQm 2a 1) in the coastal southern North Sea and low  Figure 7andTable 3show that 2002 represents an exceptional

values €0.1kg@m 2a 1) in the deep northern parts. The year with the highestdaily GOC (0.61g@® 2day 1). This high

lower values in the deep North Sea regions relate to lower neaGOC coincides with the longety,: 0f 186 days, resulting in the

surface NPP and greater bottom depths, resulting in lessnicga lowest bottom Q concentrations in the vicinity of the ODZ site

matter reaching the bottom. Highest GOC occurs in the vitgini in 2002 GrolRe et al., 20)6In contrast, 2010 constitutes the year

of large river mouths (e.g., Elbe) due to riverine input ofamiz  of lowest GOC (0.31g£m 2day 1) resulting in higher bottom

matter additionally enhancing local GOC. Here, values otap O, concentrations. Interestingly, 2011 also shows high daiyoG

about 1.3kg@m 2a 1 are simulated. 0f 0.56gGm 2day 1, though, @ de ciency does not occur in
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FIGURE 6 | Spatial distribution of(A) 15-year averaged, annual near-bottom gross @ consumption (GOC) and(B—F) average relative contributions due to N from
different sources during 2000-2014:(B) boundaries (NA, EC, and BS)(C) atmosphere, (D) German rivers (DE)(E) 1st group of Dutch rivers (NL-1)(F) 2nd group of
British rivers (UK-2). Both color scales cut at upper limitsColor scale of(B) also applies to(C—F).
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FIGURE 7 | Average daily, near-bottom gross @ consumption (GOC) during seasonal strati cation and contbutions of the different N sources (se€Table 1) at the
ODZ site (seeFigure 5, region 1) during the individual years 2000-2014, and aveged over the entire period. Values refer to a bottom layer tbkness of 6.5 m.

TABLE 3 | Averages and standard deviations (std) during 2000-2014 ahvalues
for 2002 and 2010 at ODZ site and at Oyster Grounds (se&igure 5, regions 1
and 2, respectively): strati cation periods fsra; according to Equations (1, 2) in
Gro e et al. (2016)], daily near-bottom GOC and relative contributions of difent
N sources.

ODZ site (region 1) Oyster Grounds (region 2)

Average std 2002 2010 Average std 2002 2010
tstrat 159 17 186 161 162 13 173 160
GOC 049 0.07 061 031 034 004 039 0.23

Atmosphere 16.6 2.7 12.4  20.9 131 16 11.1 155

DE 11.0 40 99 94 02 04 0.1 0.4
NL-1 100 3.1 143 938 146 35 159 116
NL-2 33 11 38 20 16 09 1.9 2.6
BE 09 04 15 08 16 04 14 1.0
FR 31 14 42 41 40 16 7.7 3.2
UK-1 24 12 30 31 39 14 4.6 2.6
UK-2 68 1.2 71 6.6 129 26 115 119
NO 01 01 00 03 - - -

NA 398 8.7 381 327 393 71 356 413
EC 44 21 44 7.2 6.7 28 8.4 6.9
BS 0.1 0.2 00 05 - - -

Others 15 06 12 27 21 0.9 1.8 3.0
All rivers 39.1 75 450 387 409 6.1 449  36.2

All boundaries 443 7.7 426 404 46.0 538 440 482

tstrat given in days, GOCing@m 2d ! and relative contributions in %.

2011 as a result of comparably shtyta of only 135 days (not
shown). This puts emphasis on the crucial role of strati catio

for the evolution of Q de ciency in the o -shore North Sea.

The NA contribution constitutes the major in uence on N-
related GOC at the ODZ site, with an average contribution of
39.8% to daily GOC and maximum contributions of up to 54.2%.
This maximum is reached in 2000, when daily GOC reaches its
second highest value of 0.58 gi@ 2day 1. However, it can be
seen that years of high contributions by the NL-1 or DE rivers
can also show very high GOC (2002 and 2011, respectively).
The NL-1 contribution is highest in 2002 resulting in 15.4%,
while the DE contribution is highest in 2011 (20.1%). This can
be attributed to the Elbe ood in January 2011 (elgignzler
et al., 2015; Mudersbach et al., 2D1Interestingly, the Elbe
ood in August 2002 {Ulbrich et al., 2003; Kienzler et al.,
2015; Mudersbach et al., 20Q1ig not re ected in a higher DE
contribution in 2002, as the related loads reached the ODZ si
after the growing season. However, it explains the large DE
contribution of 18.2% in 2003 which is the second largestrdyr
the entire period.

The atmosphere constitutes the second largest contribution
GOC at the ODZ site, while the DE and NL-1 rivers constitute
the major riverine sources yielding 11.0% and 10.0%, resjedcti
(seeTable 3. The British rivers (UK-1 and UK-2) also play
arelevantrole, adding up to 9.2%. The other sources are adimin
importance with average contributions of <5%. However, they
can show higher values during individual years (see maximum
values inTable 3. The minimum—maximum ranges further
indicate that especially the DE and NL-1 contributions as well
as the NA contribution can show high variations between
individual years. The average integrated riverine comiiin
to GOC of 39.1% is in the same order as the NA contribution
and only about 5% less than the integrated contribution from
the boundaries (NA, EC, and BS). This illustrates the great
importance of riverine N inputs on @ deciency at the
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ODZ site, especially, from the German, Dutch, and British Table 3 reveals further dierences for the remaining N

rivers. sources compared to the ODZ site. The inuence of the
NL-1 and UK-2 rivers is visibly higher, yielding average
3.2.3. Inter-Annual Var|ab|||ty|n the Oyster Grounds relative contributions of 14.6% and 12.9%, reSpeCtiVG'y.

Figure 8 shows the time series of average daily, near-bottonfhese values correspond to a similar average absolute NL-1
GOC at the Oyster Grounds site (sédgure5, region 2) contribution (0.05gQm 2day ) as for the ODZ site and
analogous toFigure 7. The corresponding values are given ina@n increased average absolute contribution of the UK-2 siver
Table 3(right-hand side). (0.04gQm 2day ' compared to 0.03g@m Zday ?).

Average daily GOC is generally lower than at the ODZ siteConsequently, years of high contributions of either of thetN
which only partly relates to the smaller bottom layer thickse Sources resultin high GOC in the Oyster Grounds (Begire 8
of 5.5m. As for the ODZ site, minimum and maximum GOC €.9., 2002, 2003, 2013). The remaining contributions &s& le
rates occur in the years 2010 (0.23g® 2day 1) and 2002 important for GOC in the Oyster Grounds. Though, minor
(0.39gQm 2day 1), respectively. However, some di erencesincreases in the relative contributions can be seen in bégiall
between the two sites can be seen for the other years, €2611n contributions, except for the NL-2 and NO rivers, and the BS.
which constitutes the year of only seventh strongest GO®ién t This relates to the downstream locations of these sourdatwe
Oyster Grounds. to the Oyster Grounds.

The contributions of the individual N sources to GOC The average integrated riverine contribution to N-related
reveal the causes for these regional dierences. First, tHeOC in the Oyster Grounds adds up to 40.9%, with 30%
DE contribution is very small in most years as the DEatt”bUted to the Dutch and British rivers. This is even I'“gh
rivers are downstream the Oyster Grounds relative to théhan the NA contribution and only about 5% less than the
general circulation. Consequently, the high N inputs fronegse  integrated contribution from the boundaries, putting emptss
rivers in 2011 do not aect GOC in the Oyster Grounds on the importance of riverine N on the gdynamics in the Oyster
region. Second, the absolute NA contribution, which is theGrounds.
largest among all contributions, is clearly lower (average
of 0.13gQm 2day 1) than at the ODZ site (average of
0.19gQm Z2day 1). However, the relative NA contribution is 4. DISCUSSION
about the same as at the ODZ site (39.3%) due to the lower
overall GOC. In addition, the absolute atmospheric conttibn  This study, for the rst time, presents a detailed quantitati
is lower in the Oyster Grounds (average of 0.04g0%day 1  analysis of the @ dynamics of the North Sea in relation to
compared to 0.06 gem 2day ! at the ODZ site), which also N inputs from various external sources, including riverse th
results in a slightly lower relative contribution of 13.1%. atmosphere and adjacent seas. By this, the presented approach

FIGURE 8 | Average daily, near-bottom gross @ consumption (GOC) during seasonal strati cation and contbutions of the different N sources (se€Table 1) at the
Oyster Grounds site (seeFigure 5, region 2) during the individual years 2000-2014, and aveged over the entire period. Values refer to a bottom layer tbkness of
5.5m. Note differenty axis compared to Figure 7.
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constitutes a valuable tool for the source-oriented approacto be non-negligible, e.g., in the Elbe estuaBglfrendt, 1996;
advocated bypSPAR (1999) Dahnke et al., 2008
There have been earlier studies on the relationship between Furthermore, point sources (e.g., sewage treatment plamts) i
river nutrient loads and @ de ciency (e.g.Brockmann et al., the estuaries — downstream the nutrient monitoring locato
1988; Topcu and Brockmann, 201%However, these studies used for the load calculationP@tsch et al., 20)6— are not
rely on statistical analyses and the qualitative descripttd considered in the river data, except for the British riverer F
the interactions controlling the evolution of £Ode ciency. the major Dutch rivers (excl. the smaller North Sea Canal)
Other studies investigated the eect of river nutrients onnutrient concentrations are measured right at the oodgate
the North Sea biochemistry based on nutrient reductioni.e., point sources are implicitly considered. For the German
scenarios (e.g.Skogen et al., 2004; Lenhart et al., 2010rivers, which together with the former two are the most
Though, only Lenhart et al. (2010considered implications important riverine N sources, only limited information on pdi
for the O, conditions in the North Sea based on a modelsources are available. Howevieghnke et al. (2008jound no
comparison. evidence of a signi cant in uence of point sources on NO
However, these scenario-based approaches do not allawencentrations in the Elbe estuary, based on stable isotope
for the analysis of the current state of the ecosystem, thatnalyses. A catchment modeling study for the Weser shows
is represented by a reference scenario with realistic fgrcinthat only about 0.1ktNal enter the surface waters along the
data, with respect to the in uence of nutrients from individl  Weser estuaryHeidecke et al., 20)5Hence, it can be assumed
sources on the ©dynamics. Furthermore, the assessment ofhat neglecting point sources in the estuaries is a reasenabl
the in uence of individual sources would require an indival  constraint.
scenario for each source, which is time-consuming and cdstly For the atmospheric N deposition the data availability also
contrast, the present method requires only one model sinutat  constitutes a relevant constraint. In order to run a readisti
and one TBNT analysis dealing with all selected N input sarcesimulation, the data needs to be provided for the entire
at once. simulation period and model domain. This can be obtained by
The source-speci ¢ information on GOC obtained from the temporal extrapolation and spatial interpolation to the model
expanded TBNT method can be used for speeding up the iterativgrid, based on the original N deposition data from EMEP.
process of nding optimal N reduction targets using the linearHowever, this original data as well as the spatio-temporal
optimization method described byos et al. (2014 Nevertheless, processing are subject to uncertainties. In this study, ahnu
actual N reduction scenarios will still be necessary in otde EMEP data was used, though, also monthly data are available
assess the actual impact of the derived reductions targe¢stad (Desmit et al., 2005 As atmospheric N deposition in the
the non-linear ecosystem interactions. North Sea region experiences a distinct annual cycle withdrigh
With respect to the presented results, the simulated volumeummer and lower winter values (e.gleumann et al., 2036
transports show good agreement with other models and liteeatu the use of these monthly data could be worthwhile for future
values. The same applies to the spatial distributions of TMnalyses. Di erences in the applied atmospheric deposition data
from individual sources which correspond to results of othermay also partly explain the minor dierences between the
North Sea TBNT studiesQSPAR, 2010; Painting et al., 2013;results for the atmospheric contribution to TN of this studyda
Troost et al., 2013 giving con dence for the applicability of those ofTroost et al. (2013)who found a higher atmospheric
a TBNT post-processing software. Consequently, the analf/sis @ontribution in the southern North Sea.
GOC related to N from these sources can be assumed to yield Another N-related aspect not considered in ECOHAM is the
valid information. However, the applied model setup has somexchange between the North Sea and the WaddenBedma
limitations which require discussion. (1981)describe the Wadden Sea as a relevant sink for organic
and source of inorganic matter. Other studies reported the
s . Wadden Sea constitutes an important sink of N due to benthic
4.1. Limitations of the Model Forcing and denitri cation (e.g., Kieskamp et al., 1991; van Beusekom and
Setup de Jonge, 1998; van Beusekom et al., l19B6&th would a ect
The forcing provided for the di erent N input sources (rivers N availability in the open North Sea, especially, upstream of
and atmosphere) has a strong in uence on the results of théhe ODZ site. Therefore, the Wadden Sea should be included in
TBNT analysis. Although the river data is compiled to the besfuture studies.
knowledge and represents the state of the art of North Sea rive With respect to the TBNT results, we consider the NA
data, it is based on assumptions as a result of limited dateontribution to TN (and GOC) in the southeastern North Sea to
availability. An upscaling based on the distance betweegeaube slightly overestimated. We conclude this from a comparison
station and river mouth and catchment area size is applied éo thof the source-specic TN contributions of the other most
British rivers (van Leeuwen, pers. comm.). Here, the ungata relevant sources (atmosphere, DE, NL-1, and UK-2) to a box
can become high in case of a large distance. In addition, fan the inner German Bight (not shown) calculated in our study
some rivers only monthly data exist which have to be interfimla  with other TBNT studies on TN (e.gQSPAR, 2010; Painting
to daily time series, partly with support of climatologies whic et al., 2013; Troost et al., 2013 his may relate to the limited
may not fully represent the recent state. Furthermore, atea spatial resolution of about 20km that does not allow for the
retention of N and P is not considered, although they werenfibu representation of sub-mesoscale features such as eddies (e.

Frontiers in Marine Science | www.frontiersin.org 15 November 2017 | Volume 4 | Article 383



Groe etal. Nitrogen Inputs and Oxygen in the North Sea

Johannessen et al., 1989; Rged and Fossum, 2004; Albretgecomprehensive sensitivity analysis would be required wisich
2007. beyond the scope of this study.
With respect to the expansion of TBNT by the link to
L L. the O, cycle, the use of the mediators in case of C-based
4.2. Limitations of the Model Intrinsics and 0,-a ecting processes (e.g., NPP) constitutes a key element.
the TBNT Method Therefore, discussion of the constraints of this approach is
With respect to the hydrodynamics, the component-upstreantequired. The actual values of the C-basedaecting processes
advection scheme applied by HAMSOM could be an additionare proportional to the concentration of the C-based mediator
cause for the overestimation of the NA contribution as itukks  state variable (see Appendix A.1-A.4). The use of the mediator
in high numerical diusion (Lenhart and Pohlmann, 1997 implies that the concentration of the C-based mediator Valga
However, the identi cation of the actual cause goes beydral t is proportional to the corresponding N-based mediator varabl
scope of this study. This evidently can be applied in the case of a xed C:N ratio as
Regarding the model biogeochemistry, it should be noted thatsed for phytoplankton, zooplankton and bacteria in the present
the benthic re-mineralization tends to be slightly unddimested  study.
by ECOHAM (GrolRe et al., 2096 On the one hand, this can Conceptually, this also holds for a varying stoichiometry
a ect the overall GOC. On the other hand, the contributionsas used for benthic detrital matter (i.e., sediment-N/-@) i
of individual N sources to GOC may be aected as theECOHAM. Higher concentrations of sediment-N allow for
inuence of sources with high contributions to benthic re- higher concentrations of sediment-C and, thus, benthig O
mineralization would be ampli ed relative to sources withlpn consumption. However, temporal variations in the C:N ratio in
low contributions. In addition, the rather simple sediment benthic detrital matter in combination with temporal variahs
module does not allow for long-term storage or burial of anga in the contributions of individual N sources to sediment-N
matter in the sediment. However, this matches with obseonal can aect the contributions of these sources to benthig O
studies that found burial of N and C in the North Sea sedimenttonsumption and, thus, to near-bottom GOC.
being only small relative to annual cycles of NPP and respinat A quantitative analysis of this eect would require
(Wirth and Wiesner, 1988; de Haas et al., 1997; Brion et ala comprehensive sensitivity study on the e ect of dierent
2009. C:Nratios on the TBNT results. Here, we will only discuss esect
In relation to the benthic processes, it should also be notedf the mediator use in relation to potential event-driven ngas
that simulated daily benthic denitri cation rates in therer inthe C:N ratio in benthic detrital matter.
German Bight are up to 4 times higher than those recently In the o-shore regions of the southern and southeastern
reported byMarchant et al. (2016 However, this only applies to North Sea — which are in the focus of this study — benthic
few very near-shore areas in the model. In the o -shore regionorganic matter originates mainly from local NPBi(ol3e et al.,
nitri cation rates range between 0.4 and 2mmolNrday 1,  2016. Thus, organic matter input from rivers especially during
which is in the range they found. Hence, we rate the additionathe summer period does not need to be considerBdvies
N loss in our simulation as acceptable as it only occurs in & verand Payne (1984pbserved C:N ratios of 9-18 in particulate
small region. In addition, the here applied simple benthic miedu organic matter 2 m above the sea oor in the northern North Sea
only includes the e ect of @ availability in the pelagic bottom during the spring bloom 1976. For the southern North Sea o
layer on benthic processes. As anoxic conditions do not ottur Belgium,Tungaraza et al. (2003gport C:N ratios of 5.7-11.2
the pelagic North Sea, this has no e ect on the benthic processdr particulate organic matter, depending on the phytoplankton
Thus, the incorporation of a more complex benthic module, thatspecies composition. This indicates that even over short gerio
resolves vertical @gradients within the sediment, would be of time (days to weeks) C:N ratios in organic matter may vary
worthwhile. by a factor of 2. If such short-term variations coincide with
Furthermore, ECOHAM applies constant C:N:P ratios tostrong variations in the contributions by individual N sares
phytoplankton, zooplankton and bacteriaqrkowski et al., 2012; to detrital matter, this may result in an under-/overestitica of
Grol%e et al., 2006 Though, it is known that elemental ratios the in uence of individual N sources on GOC. Analogously, such
vary between di erent phytoplankton species (e@gider and e ects may occur, e.g., during events of strong rainfall csem
La Roche, 2002; Quigg et al., 2003; Malzahn et al.)&&lwell during the growing season, which enhance wet N deposition and
as under varying environmental conditions (e.ghee, 1978; thereby enable new production due to increased,Ndvailability
Goldman et al., 19799In fact, di erent elemental ratios, e.g., in (e.g.Dugdale and Goering, 19h7
phytoplankton, would impact on the entire ecosystem including Regarding the here presented analysis of source-speci c GOC
organic matter production and, thus, on theo@ynamics. For at the ODZ and the Oyster Grounds sites it should be noted that
instance, unpublished sensitivity studies showed that mima the C:N ratios in benthic detrital matter show only very mmo
matter export below 30 m varies by up to 13% with varyingvariations, ranging from 7.5 to 7.9, during the growing sga#\s
stoichiometry (Red eld 50%). Consequently, this may slightly this period basically corresponds to the summer strati ed péri
change the relative contributions of the dierent N sources t which is in the focus of this study, the e ect of changing C:N
GOC in relation to temporal variability in these contributis  ratios on the source-speci ¢ contributions to GOC is consktir
combined with temporal variability in the elemental ratios.to be small. However, considering model applications using
However, in order to assess the impact of di erent stoichiorpet variable phytoplankton stoichiometry additional e orts would
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be required for further improving the mediator approach. Here, rst approach for quantifying the in uence of N inputs from
it may be feasible to use the actual C:N ratios and relativdi erent sources on the @ dynamics of a marine ecosystem.
contributions by the individual N sources in both, detritalatter ~ Our study focused on the North Sea and our analysis conssitute
that was previously sedimented and newly sedimented maiter, a major advancement toward the source-oriented approach for
a weighing factor. By this potential errors in the currentapgcb  the ecological management of,@e ciency in the North Sea
could be minimized. (OSPAR, 1999Besides this, the described method can be applied
Besides the e ects of varying C:N ratios, di erences in theanalogously to di erent elements (e.g., P or C), ecosystems and
re-mineralization rates of C (0.028 day) and N (0.0333day!)  models. Therefore, it could be used for the investigation beot
may a ect the results of the expanded TBNT due to a temporaécosystems a ected by eutrophication-relategd® ciency, e.g.,
delay between C and N re-mineralization (and benthicthe Baltic Sea (e.giosenberg, 198%r the northern Gulf of
denitri cation). However, in the present study the time =31 Mexico (e.g.Rabalais and Turner, 20p1
of sediment-N and -C (not shown) reveal maximum temporal The present analysis focused on the general spatial patterns
delays of only 2—3 days. Therefore, we consider this to halye o and inter-annual variability in the regions most suscepmilb
a minor impact on the results. O, de ciency. Though, the applied method can also be used for
In relation to the mediators, it has to be stated clearly the t analyzing the in uences of individual sources of N (and other
results of this study can only be interpreted with respect to Nnutrients) on di erent time scales (days to decades).
i.e., they do not re ect the overall in uence of the selectegdut While GOC in the northern and northern central North Sea is
sources on the @dynamics. Labeling C or P from individual dominated by the N inputs from the North Atlantic, GOC in the
input sources will likely result in di erent relative contriltions.  southern central and southern North Sea is under the comthine
On the one hand, this may relate to changes in the inputs byn uence of the North Atlantic (NA), the English Channel (EC)
the di erent sources relative to each other (e.g., di erentiza the atmosphere and the large riverine N sources. Among the
between P loads of individual rivers compared to N loads). Omiverine N sources, especially, the large Dutch rivers (Nind!;
the other hand, selected processes (e.g., nitri cationnhoabe Rhine and Meuse) and the rivers at the British east coast (UK-
considered in case of P labeling, while other processes |uch2) have a relevant in uence on GOC in the o -shore regions of
P release from the sediment under anoxic conditions wouldhe southern North Sea, while the German rivers dominate the
play an additional role when considering P (e.gypfer and southeastern coastal North Sea.
Lewandowski, 2008 However, this process is not included in  The analysis of GOC at the two study sites conrmed
ECOHAM as it is designed primarily to represent the €ycle that seasonal strati cation constitutes the prerequisite tloe
in relation to N and C. As N constitutes the limiting nutrient evolution of & de ciency in the o -shore regions of the southern
among these two with respect to organic matter production, wéNorth Sea Grol3e et al., 20061t further revealed that riverine
focused our analysis on N. In order to assess the overall impabl inputs play a major role for the bottom ©dynamics, with
of nutrients (i.e., N and P) from individual sources on theffiio  average relative contributions of about 40% during 2000420
Sea @ dynamics, an analogous analysis for P would be requiredepending on their timing, ood events in the German or Dutch
However, this is beyond the scope of this study. In relatioiintd,  rivers can increase the riverine contribution to even mdrnart
it also has to be noted that the TBNT analysis does not replacg%. In addition, atmospheric N contributes about 15% to the
actual nutrient reduction scenarios, but rather consttsia useful overall GOC at both sites. As riverine and atmospheric inputs
tool for speeding up the iterative process of nding an optimalare strongly anthropogenically a ectedPderl, 1997; Schopp
nutrient reduction setupl(os et al., 2014 et al., 200p this emphasizes the large human impact on the
Furthermore, the presented method cannot be applied t@®, conditions in the North Sea regions most susceptible to O
formulations of benthic @ consumption only based on thesO de ciency.
concentration itself, e.g., that byetland and DiMarco (2008 )as Consequently, thoroughly de ned riverine N reductions,.e.g
those cannot be linked to external nutrients. under the European Union's Water Framework Directivel),
Due to these uncertainties and constraints, we highly200Q likely constitute a potent means for improving the,O
recommend applying the presented method to di erent modelsconditions in the southern North Sea. In combination with
and model setups. This would provide a range of theootential future reductions in atmospheric N deposition — as
contributions of the individual N sources on the,Qlynamics adopted within the Gothenburg ProtocdUNESC, 1998— such
of the North Sea, giving a more reliable estimate of theivakt reductions may improve the North Seg ©@onditions or mitigate
in uence. The only requirement for such approach is the proeesspotential negative e ects of climate change.

based parametrization of the & ecting processes in that In this context it is important to note that also future changes
model, such that a mediator substance provides a link between the physical environment, e.g., in strati cation or sederdl,
the labeled element and the;@ycle. will have a relevant impact on the onditions of the North

Sea as they play a key role in the @ynamics Greenwood et al.,

2010; Grol3e et al., 20)LHowever, our results emphasize that
5. CONCLUSIONS future scenarios for the North Sea require realistic estaador

both, the climatic conditions and the riverine and atmosploéi
The here presented expansion of the TBNT method and théads in order to provide a likely picture of the future North Sea
corresponding analysis of source-specic GOC represent th©; conditions.
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