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Abstract Anthropogenic nutrient enrichment is changing the structure and the function of coastal
ecosystems. These coastal zones are transitions between freshwater and marine systems where multiple
biogeochemical processes remove, produce, and transform organic matter. The extent to which the coastal
zone is merely a conduit for terrestrial (allochthonous) organic matter versus a distinct source of
autochthonous organic matter fueled by eutrophication is unclear. To address this issue, we characterized the
freshwater and marine dissolved organic matter (DOM) pools in a eutrophic estuary with a long water
residence time (Roskilde Fjord, Denmark) over an annual cycle. We combined elemental, optical (absorbance
and fluorescence), and isotopic analyses to obtain insight about the bulk properties of the DOM pool during
this period. We also used sediment traps to analyze the changes related to the exchange of organic matter
between the particulate organic matter and DOM fractions. The results showed that labile autochthonous
DOM from in situ primary production was rapidly transformed to more recalcitrant DOM that accumulated in
the estuary despite continuous exchange with the open sea. Also, parts of the particulate organic matter
pool were degraded rapidly (within 24 hr) and transformed into the DOM pool. Accumulated DOM was
characterized by relatively low molecular size and stable carbon isotopic value and by high protein-like
fluorescence. These results indicate that autotrophic material can be a major source of specific recalcitrant
DOM in eutrophic coastal waters, contributing significantly to the flux of organic carbon to the ocean.

1. Introduction

The oceanic pool of organic carbon is about 660 Pg and is one of the largest dynamic carbon reservoirs on
Earth, comparable to atmospheric CO, reservoir of ~750 Pg C (Jiao et al., 2010). Most of the organic carbon
in seawater is in dissolved form and exceeds more than 200 times the amount of particulate carbon
(Hansell et al.,, 2009). Rivers contribute with large terrestrial (allochthonous) dissolved organic matter
(DOM) inputs (0.45 Pg C/year; Cole et al., 2007) through coastal environments to the oceanic carbon pool.
Along with DOM, rivers transport nitrogen and phosphorus to the coastal systems, which have the potential
of increasing primary production significantly (Cloern et al., 2014; Conley et al., 2009). This increase in primary
production has led to widespread coastal eutrophication, which today is a global phenomenon affecting
numerous ecosystems around the world (Boesch, 2002; Conley et al., 2002). The increased benthic and pela-
gic primary production is potentially a significant source of (autochthonous) DOM in coastal areas (Bertilsson
& Jones, 2003; Myklestad, 1995; Staehr et al., 2018). In eutrophic coastal systems the autochthonous DOM
production even exceeds the riverine load (Markager et al., 2011).

Autochthonous DOM is typically considered highly bioavailable and expected to be utilized rapidly in the
microbial loop (Hopkinson et al., 1998; Sendergaard & Middelboe, 1995). However, estuaries with relatively
small inputs of allochthonous carbon and high inputs of inorganic nutrients may act as reactors where auto-
chthonous carbon dominates over the allochthonous (Markager et al., 2011). The characteristics and fate of
autochthonous carbon in coastal systems is poorly known. In general, organic matter follows the so-called
reactivity continuum, where the most bioavailable (labile) fractions of the pool are utilized first and the bioa-
vailability of the whole pool gradually decreases (Amon & Benner, 1996; Hansell, 2013; Vahatalo et al., 2010).
However, organic matter bioavailability is not determined solely by its inherent properties but also by the
prevailing environmental conditions (Marin-Spiotta et al., 2014).
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In estuarine and coastal systems, DOM and other constituents are affected by two different general mechan-
isms: mixing and processing (Asmala et al.,, 2016). Pure physical mixing of the two end-members (riverine and
marine) results in predictable characteristics of the DOM pool relative to salinity as long as the end-member
values are known (Officer, 1979). Biogeochemical processes include photomineralization, flocculation, het-
erotrophic consumption, and autochthonous production, all of which result in distinct alterations to the
DOM pool (Asmala et al., 2014, 2018; Moran et al., 2000; Rochelle-Newall & Fisher, 2002). The net effects of
the biogeochemical processes within the coastal system define whether the DOM pool follows apparent con-
servative mixing in estuaries or deviate from such a pattern. Even though that changes in the DOM pool
along coastal salinity gradients have been studied comprehensively, a coherent view of the balance between
mixing and processing (removal, production, and transformation) is missing. Some studies report conserva-
tive behavior of DOM along the salinity gradient (Abril et al., 2002; Bowers et al., 2004; Guo et al., 2007;
Mantoura & Woodward, 1983; Spencer et al., 2007), whereas other studies show significant nonconservative
dynamics in the DOM pool, indicating net removal or production within the coastal system (Asmala et al.,
2014; Huguet et al., 2009; Markager et al., 2011; Uher et al,, 2001). Specifically, production and fate of DOM
in systems affected by eutrophication are poorly understood, despite that coastal eutrophication is a wide-
spread phenomenon around the world (Cloern, 2001).

In this study, we addressed two major challenges in the use of the conservative mixing approach: inherent
variability (e.g., seasonal patterns) in observations along the salinity gradient and relatively small changes
due to short residence time in many coastal systems. First, as many nutrient or DOM constituents follow a
seasonal pattern, it is necessary to capture this variation for a given system. To address this issue, we con-
ducted a sampling campaign that covered an annual cycle. Second, as many estuarine and coastal system
have short freshwater residence times, that is, the system is flushed on relatively short time scales (days to
weeks), the extent of processing of nutrients and DOM within the system is short and challenging to quantify
with most current analytical approaches. As our study area has relatively long residence time (up to 2 years in
the inner estuary), the signal for autochthonous production and DOM diagenesis is expectedly stronger than
in those systems with shorter residence times (Markager et al., 2011), thus allowing better quantification of
the deviations from conservative mixing.

Our objective was to expand current views of coastal processing of DOM by unraveling the role of auto-
chthonous DOM and its transformation within the system. We also characterized the coastal DOM pools
with different analytical approaches to get a coherent view of the characteristics of DOM in a system
dominated by autochthonous DOM inputs. We further aimed to identify the major biogeochemical
DOM processing pathways for autochthonous DOM. We hypothesize that (1) DOM produced and pro-
cessed within the coastal system will have a distinct fingerprint compared to stream or open sea sources
and (2) biogeochemical processing of this autochthonous DOM will rapidly transform it into a more recal-
citrant pool of DOM.

2. Material and Methods
2.1. Field Sampling and Location

Roskilde Fjord is a shallow, microtidal estuary with a narrow opening in the northern part to Kattegat, Baltic
Sea (Figure 1). Mean depth is 4 m, but due to the relatively small catchment and resulting low river discharge,
the freshwater residence time is high, up to 8 months for the inner (southern) part of the Roskilde Fjord
(Kamp-Nielsen, 1992). Streams draining catchments dominated by agriculture are scattered along the estuar-
ine coastline, resulting in high nutrient inputs to the coastal system, which has enhanced primary production
and eutrophication (Pedersen et al,, 2014; Riemann et al.,, 2016; Staehr et al., 2017). Despite the relatively high
nutrient inputs to the estuary, the shallow depth and efficient mixing in the system keeps the water well oxy-
genated throughout the year (Staehr et al,, 2017).

We sampled three estuarine and five stream stations in Roskilde Fjord on 22 occasions between May 2014
and November 2015 (Figure 1). There is a narrow channel-like connection between the inner (southern)
and outer (northern) parts of Roskilde Fjord, limiting the water exchange between them. Our sampling strat-
egy was designed to take this feature into account. The sampling was carried out in the two main parts of the
estuary, its boundary with the Kattegat and the majority of the freshwater sources draining into the system.
Stream samples were taken from the surface only, whereas marine water was sampled from two depths, 1

ASMALA ET AL.



(€ . .
100 Global Biogeochemical Cycles 10.1029/2017GB005848
58
North 56.0 Sampling site
Sea Swaddn . Marine
’ Stream
57 Boundary st.
3
£ Outer estuary
© Denmark 55.9

56

Havelse 4
Langsé,’

=]

Baltic
Sea

55
55.8

8 10 12 14
Longitude

Veerebro ‘

Inner estuary

55.7

‘ Boserup
Lejre ‘

Okm 5km 10km

11.9 12.0 12.1
Longitude

Figure 1. Map of the sampling locations.

and 4 m at each site. To investigate the exchange between the particulate and dissolved fractions of organic
matter (POM and DOM, respectively), we deployed sediment traps in the inner and outer parts of the estuary
on five occasions between March and November in 2015. The sediment traps consisted of four identical
plexiglass cylinders with an inner diameter of 7.5 cm and height of 45 cm (aspect ratio of 6:1). Traps were
deployed at 2-m depth for 24 hr. Effectively, sediment traps act as in situ experimental units for studying
the short-term microbial transformations of organic matter from particulate to dissolved phase (Nagata
et al, 2000). Deployments in both inner and outer parts enabled comparisons of biogeochemical
processing of the settling material between systems with low and high residence time. After collection,
samples from the water column and sediment traps were kept cold and in the dark before filtering in the
laboratory within 6 hr after sampling. Samples were filtered with precombusted (4 hr at 450 °C) glass fiber
filters (GF/F, Whatman, USA), and aliquots for subsequent analyses were taken. Samples for nutrients
(nitrogen and phosphorus fractions), DOC, and size exclusion chromatography (SEC) were stored frozen
until analysis. Samples for colored dissolved organic matter (CDOM) and DOM fluorescence (FDOM) were
stored refrigerated until analysis.

2.2. Analytical Procedures

Total nitrogen (TN) and total phosphorus (TP) were measured from unfiltered water samples, and total dis-
solved nitrogen, total dissolved phosphorus, ammonium, nitrite, nitrate (dissolved inorganic nitrogen; DIN),
and phosphate (dissolved inorganic phosphorus; DIP) were measured from filtered water samples. Nutrient
analyses were carried out using the techniques described by Hansen and Koroleff (1999). Dissolved organic
nitrogen (DON) and dissolved organic phosphorus (DOP) were inferred by subtracting DIN and DIP from total
dissolved nitrogen and total dissolved phosphorus, respectively. DOC was measured with a Shimadzu TOC-
Vcpy analyzer. The accuracy of measured DOC concentrations was controlled by analyzing a seawater
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reference standard provided by the consensus reference material program. CDOM absorption was measured
using a Shimadzu 2401PC spectrophotometer with 5-cm quartz cuvette over the spectral range from 200 to
800 nm at 1-nm intervals. Ultrapure water was used as the blank for all samples. Excitation-emission matrices
(EEMs) of FDOM were measured with a Varian Cary Eclipse fluorometer (Agilent). A blank sample of ultrapure
water was removed from EEMs, as well as the scattering bands. EEMs were corrected for inner filter effects
with absorbance spectra (Murphy et al., 2010) and Raman calibrated by normalizing to the area under the
Raman scatter peak (excitation wavelength of 350 nm) of an ultrapure water sample run on the same session
as the samples. The molecular size of DOM was analyzed with SEC. The SEC analyzer consisted of a Shimadzu
high-performance liquid chromatography system (Shimadzu Corporation, Kyoto, Japan) equipped with a
linear-type column (TSK G2000SWy, column [7.8 X 300 mm, 5-um particle size], Tosoh Bioscience GmbH),
a guard column (Tosoh Bioscience GmbH), and a UV-Vis diode array (Shimadzu SPD-M10AVP) set to
250 nm. The eluent was 0.01 M acetate buffer at a pH of 7.00 (Vartiainen et al., 1987). The system was cali-
brated using acetone and polystyrene sulphonate (PSS) of 1, 3.5, 4.2, 6.5, and 11 kDa (58, 1,100, 3,610,
4,230, 6,520, and 10,600 Da, respectively). Sample runs were calibrated daily. Log-linear calibration curve
was used over the apparent molecular weight range tested. From corrected and integrated SEC chromato-
gram we calculated the number averaged apparent molecular weight (Chin et al.,, 1994). For stable carbon
isotope analysis, frozen and acidified water samples were processed at the Stable Isotope Facility at UC
Davis (USA). Samples were analyzed for §'3C using a O.I. Analytical Model 1030 TOC Analyzer (Xylem
Analytics, College Station, TX) interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon
Ltd., Cheshire, UK) utilizing a GD-100 Gas Trap Interface (Graden Instruments). The resulting carbon delta
values are expressed relative to the international standard Vienna PeeDee Belemnite. Reported analytical pre-
cision for this method is +0.4%o.

2.3. Statistical Analyses

For assessing the terrestrial signature and the initial quality of the DOM pool, fluorescence peaks (peaks A, C,
M, and T; Coble, 1996), humification index (HIX; Zsolnay et al., 1999) and biological index (BIX; Huguet et al.,
2009) were calculated from the measured and corrected EEMs. Processing of the EEMs was done using the
eemR package for R software (Massicotte, 2018). In order to resolve the fingerprints of the different DOM
sources (autochthonous vs. allochthonous), we used the parallel factor analysis (PARAFAC; Stedmon et al.,
2003) to distinguish different components of the measured and corrected EEMs (Murphy et al., 2008).
PARAFAC modeling was done following the protocol by Murphy et al. (2013). Successive models from four
to nine components were fitted using the DrEEM Matlab toolbox. Based on split-half analysis, a model with
nine components was found to adequately model the fluorescence variability over the samples
(R? = 0.999). Component details are shown in supporting information Figure S1. The identified components
were compared to previously validated components using the OpenFluor fluorescence database (http://
www.openfluor.org/), and main characteristics are presented in Figure S1. PARAFAC components were used
for k-means clustering analysis using the Hartigan-Wong algorithm (Hartigan & Wong, 1979) to identify
groups of stations with similar DOM characteristics. A nonparametric modeling approach, generalized addi-
tive model (Hastie & Tibshirani, 1990), was used to test for the possible seasonality in nutrient and DOM
observations. A generalized additive model was carried out with R software using the mgcv package
(Wood, 2011). In summary, the number of smoothing terms was chosen by generalized cross-validation,
and cyclic cubic regression splines were used for smoothing. To visualize the possible net production and
consumption along the salinity gradient, we used a modification of the conservative mixing model approach
(CMM; Officer, 1979). In this approach, two end-members along the salinity gradient are defined for each con-
stituent separately, and the end-members are linearly connected. CMM approach is challenging when the
scale of the variability of the end members is uncertain (Asmala et al., 2016). However, a straight line relation-
ship between concentration and salinity can be expected in an estuary if stream discharge and constituent
concentration in the stream vary but with a short time scale compared to the flushing time of the estuary
(Bowers & Brett, 2008). This is the case in Roskilde Fjord, where the freshwater transit from inner estuary
is up to 8 months on average (Kamp-Nielsen, 1992). In this study, we used simple linear regression to connect
all observations from the two end-members defined by the k-means clustering analysis. Inner estuary was
excluded from the regression to allow analysis of deviations from CMM. Positive deviations from the conser-
vative mixing at the inner estuary station indicate net production, and negative deviations indicate net con-
sumption of the constituent. Deviations from conservative mixing were quantified for observations from the
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inner estuary for nutrient and DOM variables, expected (from the CMM)
values were subtracted from observations, and the results were divided
by the expected to quantify the relative difference. One-sample t test
was used to test if group mean for each nutrient and DOM variable
deviated significantly from CMM. If the test indicated significant deviation
from CMM, the amount of deviation was used in further analysis. Although
the t test did not account for the uncertainty of the CMM used for standar-
dizing the variables, the effect of this was small because salinities in the
inner estuary occupied the approximate midrange between the salinities
of the two end-members where the confidence intervals of the CMM are
narrow and substantially smaller than variations among observations of
relative difference.

3. Results
3.1. DOM Properties

Salinity and temperature profiles at the marine stations showed that the
water column was well mixed. We did not find any significant difference
between surface and bottom samples for any of the study variables.
Therefore, we considered surface and bottom samples from each marine
sampling as replicates. Observations were divided into three distinctive
groups: streams (five stations), inner estuary (one station), and outer estu-
ary (two stations). This approach was validated using k-means clustering
analysis for DOM variables, which yielded an accuracy of 96% in dividing
the data in the three predefined clusters (Figure 2; 107 correct groupings
of 111 observations). These three groups were used in the analyses of
the DOM pathways in the system.

3.2. Seasonal Patterns in Nutrients and DOM

We sampled longer than an entire annual cycle, capturing the intra-annual variability of the estuary (Figure 3).
DIN was lowest during late spring and early summer and highest during autumn-winter at the marine sta-
tions (Figure 3a). At stream stations, DIN concentrations were considerably higher, also with a significant
decrease during summer and increasing during the nonproductive autumn and winter periods. DIP concen-
trations were relatively low and without any distinctive seasonal pattern in streams and outer estuary. The
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Figure 3. The observed concentrations of (a) DIN (NO, , NO5; ~, and NH3*) and (b) DIP (PO437), and the estimated annual
cycle from the GAM approach with 95% confidence interval marked by shaded area. Observations with significant

(p < 0.05) temporal source of variation as revealed by the GAM analysis are marked with a solid line. A dotted line indicates
no significant temporal variation. DIN = dissolved inorganic nitrogen; DIP = dissolved inorganic phosphorus;

GAM = generalized additive model.
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inner estuary displayed a sharp increase in July—August indicating enhanced microbial remineralization
and release from the sediment, resulting in high DIP levels sustained until the temperature decreases and
oxygen penetrates deeper into sediments in autumn, followed again by nutrient uptake during the spring
bloom (Figure 3b).

Seasonal patterns in DOM characteristics were in general more pronounced in the freshwater streams com-
pared to the marine system (Figure 4 and Table S1). For DOC in marine samples, the annual maxima in concen-
tration were reached in summer-autumn and minimum values during winter-spring (Figure 4a). In streams,
the annual pattern was almost opposite, with the highest concentrations observed during winter and lowest
during autumn. CDOM absorption at 254 nm (dcpom(2s4)) showed only weak seasonal pattern in marine sta-
tions, but in streams it corresponded to the dynamics of DOC (Figure 4b). Humic-like fluorescence (peak C;
Figure 4c) and HIX (Figure 4e) showed similar patterns as acpom(zs4) apart from the increase at marine stations
in early spring. Protein-like fluorescence (peak T) appeared to have two annual maxima: winter and summer
(Figure 4d). BIX was overall higher in the marine system compared to the freshwater system and peaked dur-
ing summer (Figure 4f). Seasonal patterns of PARAFAC components are shown in Figure S3. Overall, DOM
quantity (as indicated by DOC concentration) and terrestrial characteristics (CDOM absorption and humic-like
fluorescence as proxies) were higher in the streams compared to the marine sampling stations.

3.3. CMM Analysis

The CMM approach revealed large variation in the DOM variables at both end-members (Figure 5). The uncer-
tainty introduced to CMM by this variation could be overcome by having enough observations covering
more than an annual cycle. The CMM indicates production of DOC, dcpom(2s4) and protein-like fluorescence
(Figures 5a, 5b, and 5d) in the inner estuary. There was a decrease in humic-like fluorescence and molecular
weight (Figures 5e and 5f), whereas dcpomao) Showed both increased and decreased observations along the
salinity gradient (Figure 5c).
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We used the CMM approach for also nitrogen and phosphorus to examine the possibility of coupled pro-
cesses between nutrients and DOM (Figure 6). Results indicate a significant production of DON, TP, and
DIP in the inner estuary, whereas losses of total and inorganic nitrogen (TN and DIN) were observed there.
DOP had high uncertainties due to limited number of observations and showed no apparent deviations
from CMM.

In general, the 95% confidence interval was very close to the slope of the regression line for most variables
(Figures 6 and 7). This results from the high number of observations and their relatively low variance around
the mean value (Table S3 and Figures S5 and S6). There is large range between the minimum and maximum
value for each parameter and group, but most observations are centered around the mean value. To quantify
the deviations from the CMM at the inner estuary sampling station, we used the differences between the
observed values and the values expected from the CMM. Deviations from conservative mixing was not sig-
nificant for DOP and dcpoma40), While for other variables in Figure 7 the deviations were significant (Table
S2). In order to compare different DOM variables having different scales and units, relative differences
between observed and expected values were used (Figure 7). On average, DOC concentrations in the inner
estuary were 16% higher than the value expected from the CMM (Figure 7a). Production of dcpom(2s4) and
protein-like fluorescence were on the same level as DOC (14 and 21%, respectively). On the other hand, there
was net consumption of humic-like fluorescence (—13%) and molecular weight (—45%). Quantification of the
deviations revealed that DON concentrations were on average 35% higher than expected in the inner estu-
ary, and TP and DIP were 129% and 265% higher, respectively (Figure 7). TN was 21% lower than expected,
whereas DIN deviated on average —44%.
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Figure 8. DOM characteristics inside the sediment traps after 24 hr deployment and outside the traps (ambient water column conditions). (a) Dissolved organic car-
bon, (b) dissolved organic nitrogen, (c) stable carbon isotope value of dissolved organic carbon, (d) humification index (HIX), (¢) DOC-normalized protein-like
fluorescence, (f) DOC-normalized humic-like fluorescence, (g) DOC-normalized fluorescence of PARAFAC component C8, and (h) DOC-normalized fluorescence of
PARAFAC component C9. Lower and upper ends of boxes indicate the IQR (Q3-Q1) and whiskers the lowest and the highest values within the range of 1.5 IQR.
Thick black line indicates median value. Circles denote outliers in the data. DOM = dissolved organic matter; IQR = interquartile range; DOC = dissolved organic
carbon; DON = dissolved organic nitrogen.

3.4. Release of DOM From Sinking Particles

DOM characteristics from inside the sediment traps were compared with the ambient DOM just outside
the traps (Figure 8). We considered the differences between the inside and outside (ambient) organic mat-
ter pools as resulting from both the exchange between POM and DOM fractions and biological processing
of DOM. Settling POM contains both nonliving particles and phytoplankton cells, potentially producing
fresh organic matter during the 24-hr incubations (Figure S4). There was a large variation in observed
DOC, but on average, inside the sediment traps there was an increase of 62 and 53 umol/L (inner and
outer estuary, respectively) compared to the ambient water during the 24-hr deployments (Figure 8a).
DON increased in the traps, with an average of 6.0 umol/L in the inner estuary and 9.4 umol/L in the outer
estuary (Figure 8b). In addition to the DOM quantity, we also analyzed the DOM characteristics inside
and outside the sediment traps (Figures 8c-8h). Overall, the observed patterns were very similar for the
inner and outer estuary. There was a decrease in 8'>C-DOC values by approximately 1%o (Figure 8c).
Additionally, HIX and DOC-normalized humic-like fluorescence decreased during the trap deployments
(Figures 8d and 8f). There was an increase in DOC-normalized protein-like fluorescence (Figure 8e) and
also in DOC-normalized protein-like fluorescence components C8 and C9. It should be noted that
observed values of C9 were virtually 0 in the ambient water, indicating that this component was produced
inside the sediment trap. Changes in all PARAFAC components and BIX are shown in Figure S2. Overall,
changes in the quantity and the quality of the DOM pools after the 24-hr in situ incubation in the
sediment traps were very similar in both inner and outer estuary, despite differences in salinity and
DOC concentration.
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Figure 9. Proposed schematic of the conceptual heterotrophic spiral showing the DOM pathways in coastal environments.
Dashed box indicates the system boundaries of the coastal environment. Four different DOM pools are identified: (a)
terrestrial DOM that passes through the system unaltered (conservative mixing), (b) terrestrial DOM that is intercepted by
the heterotrophic spiral, (c) autochthonous DOM originating from the primary production within the system, and (d) DOM
processed in the heterotrophic spiral leaving the system. The two major biological groups are (1) aquatic primary
producers (e.g., phytoplankton, macrophytes, and microphytobenthos) within the system producing autochthonous DOM
and (2) heterotrophic organisms (such as bacteria, protozooplankton, zooplankton, and macrofauna) consuming,
transforming, and producing DOM within the system. DOM = dissolved organic matter.

4, Discussion

Anthropogenic nutrient inputs are causing increased organic matter production in coastal areas globally
(Cloern, 2001). Results from this study suggest that a considerable proportion of this autochthonous organic
matter rapidly becomes processed on its way to the open sea. In the process, a major proportion of the fresh
autochthonous organic matter is transformed into more recalcitrant, semilabile, or even semirefractory DOM
(following nomenclature by Hansell (2013). This process is analogous to the spiraling concept, which in lotic
systems has been used to conceptualize turnover of carbon and nutrients along spatial gradients. In this
chain of biogeochemical processes, carbon and nutrients are assimilated from the water column into bio-
mass, temporarily retained, and remineralized back into the water column (Ensign & Doyle, 2006; Newbold
et al,, 1982). This spiral, where nutrients and organic carbon are being utilized by heterotrophic organisms,
gradually reduces the bioavailability of the remaining pool (Figure 9). The estuary in this study can be consid-
ered as a model system, because the low freshwater inputs and the consequent long residence times allow
extensive processing of nutrients and carbon. Also, relatively high inputs of inorganic nutrients and low
inputs of terrestrial organic carbon reduce the masking of autochthonous organic carbon by allochthonous
inputs. As Roskilde Fjord is not light limited, high nutrient loads can effectively fuel benthic and pelagic pri-
mary production, contrasting with systems with high freshwater inflow, which are usually associated with
high suspended particle and CDOM inputs and short residence times. Thus, in those systems there is insuffi-
cient processing time to alter the organic carbon pools markedly, making it difficult to trace changes in the
DOM pool by the typical analytical approaches. While these results only stem from one estuary, we assume
that the spiraling concept described here is ubiquitous in eutrophic coastal areas. The time scales of process
rates relative to freshwater residence time will, however, determine whether a given system follows conser-
vative or nonconservative mixing.

In temperate coastal systems, DIN is potentially limiting primary production in late spring and summer
(Staehr et al., 2017). Denitrification rates are also highest during summer months, further amplifying nitrogen
depletion (Pina-Ochoa & Alvarez-Cobelas, 2006). We observed this seasonal pattern in the marine stations,
whereas the notable increase in DIP at the inner station during late summer suggests sediment release of
DIP (Riemann et al., 2016). External inputs during that time are low, and the high temperatures enhance
microbial processing in the sediments (Aller & Benninger, 1981; Sendergaard et al,, 2013). The observed
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large production of DIP and large consumption of DIN in the inner estuary underlines the differences in the
cycling of these two elements in coastal systems (Asmala et al.,, 2016; Knudsen-Leerbeck et al., 2017). Also, a
major pathway for nitrogen is the transformation of inorganic to organic forms, reducing nitrogen bioavail-
ability significantly (Jergensen et al., 2014). In our study, this transformation of inorganic nitrogen to recalci-
trant DON was evident in both basin-scale observations and in the 24-hr in situ bioassays.

The spiraling process was also observed as change in the DOM quality characteristics, which are known to
exhibit seasonal patterns in temperate coastal waters (Keith et al.,, 2002; Markager et al,, 2011). Typically,
coastal DOM in spring has a more pronounced terrestrial signal because of the higher freshwater inputs from
the catchment during winter and lower level of processing associated with lower temperatures. In contrast, in
autumn DOM has less terrestrial signal due to lower freshwater discharge and higher autochthonous DOM
production. Due to longer residence time, this DOM has been processed further within the system, resulting
in less bioavailable DOM compared to the fresh DOM from the freshwater system in spring or autochthonous
DOM in summer (Wiegner & Seitzinger, 2004; Stedmon et al.,, 2006). Also, photochemical degradation trans-
forms the DOM pool of the surface waters but in general results in increased bioavailability of DOM photo-
products (Moran & Zepp, 1997). Inherent photochemical reactivity of DOM in the Baltic Sea does not vary
seasonally, but pronounced seasonality in solar radiation and changes in bacterial affinity to photoproducts
may lead to high utilization of DOM altered by photochemical reactions during summer (Aarnos et al., 2012).
The seasonal variation in the bulk DOM was confirmed by the seasonal sampling in the study. Overall, the
decrease in annual variability when moving from freshwater to higher salinities indicates that exchange with
the open sea was buffering seasonal changes.

Seasonal dynamics of DOM in freshwater streams and rivers is dependent on the climatic and weather-
related drivers and also on the catchment land use and characteristics (Stedmon et al., 2006). Effectively,
freshwater dynamics are driven by precipitation, groundwater infiltration, and other catchment-related pro-
cesses with the strongest terrestrial signal in spring. In eutrophic systems like Roskilde Fjord, where internal
production of organic matter by far exceeds external inputs, the annual cycle may be different from the typi-
cal estuarine or coastal patterns. Recently, it has also been shown that remineralization of DON provided
almost half of the bioavailable nitrogen in Roskilde Fjord and together with sediment is the dominating
source of bioavailable nitrogen for production during the productive season when external inputs are not
enough to fulfill the nutrient demand (Knudsen-Leerbeck et al., 2017). This emphasizes the importance of
DOM for nutrient cycling and in general the dynamic nature of DOM in estuaries.

We were able to distinguish the different fingerprints of streamwater, inner estuary, and outer estuary DOM.
From these fingerprints, we observed an inverse pattern in the annual cycle of DOC concentration between
freshwater and marine stations, and the pattern observed in the marine system was driven by the autochtho-
nous production of organic matter, peaking in late summer. The direct influence of the freshly produced
organic matter was apparent in the dynamics of the protein-like FDOM and BIX, which are both linked to
autochthonous production (Huguet et al., 2009; Murphy et al., 2008). The summer maxima of these character-
istics in the marine stations indicate high autochthonous influence in this period.

Eutrophic coastal systems with relatively high nutrient and low organic matter inputs can be seen as reactors,
where nutrients are catalyzing the production of autochthonous organic matter within the system (Markager
et al,, 2011). Our study corroborates this view and provides insight about the characteristics of the organic
matter being produced and transformed in this reactor. We observed consistent changes in the DOM pool
toward increasing UV absorption, smaller average molecular size, and increasing protein-to-humic-like fluor-
escence properties in the DOM pool. In other words, the accumulating DOM is unexpectedly protein-like
(autochthonous), not humic-like (allochthonous). These accumulating organic compounds are likely amino
acids and amino sugars derived from bacterial cell growth and decline (Kawasaki & Benner, 2006; Koch
et al,, 2014). A number of amino acids are detectable from oceanic refractory DOM pool, resisting biological
decay for prolonged periods (Kaiser & Benner, 2008; McCarthy et al., 1998). An alternative source for auto-
chthonous organic matter in the coastal zone would be sediments, but the major fraction of the DOM
released by benthic mineralization is humic-like (Luek et al., 2017), which was observed decreasing in our
study. Also, photooxidation of DOM would lead to smaller molecules and decreased humic-like fluorescence
signal, as the process is selective to humic-like compounds in the DOM pool (Hansen et al.,, 2016; Moran et al.,
2000; Moran & Zepp, 1997), but would also decrease the bulk amount of DOM by degrading DOC to carbon
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monoxide and dissolved inorganic carbon (Miller & Zepp, 1995). As our observations show net increase of
DOC in the inner estuary, the effect of photodegradation to bulk considerations can be seen smaller than
the autochthonous production. However, during periods of high solar radiation, photodegradation likely
transforms the DOM pool to some extent, but these changes are masked by the high autochthonous produc-
tion of organic matter and its biological processing in the system (Moran et al., 2000). Biological processing of
organic matter results in changes in its isotopic composition, as lighter isotopes of, for example, carbon
and nitrogen are utilized preferentially over heavier ones (Fry & Sherr, 1989). Consequently, the isotopic
values of the remaining organic matter pool becomes gradually heavier. From our sediment trap data, we
observed that §'3C-DOC values were lower after the 24-hr deployments, which indicates rapid biological frac-
tionation of the autochthonous DOM, as heterotrophic degradation typically lowers the §'3C values of the
remaining DOC pool (Hullar et al., 1996). Also, this indicates that organic matter is being transformed from
particulate to dissolved pool as a result of heterotrophic degradation, as supported by the increase in DOC
concentration during the deployments. This suggests that heterotrophic transformations of organic matter
from POM to DOM occurs over relatively short time scales of less than 24 hr. It should be noted that sediment
traps artificially concentrate planktonic and detrital material, which might lead to elevated process rates com-
pared to undisturbed system. However, the changes in DOM pool observed in the sediment traps are strik-
ingly similar to the large-scale changes observed in the inner estuary. The changes in isotopic composition
and other DOM variables are rather consistent in both inner and outer parts of the estuary, and this observa-
tion coupled to changes in other DOM characteristics indicate that the same biological transformation pro-
cesses occur throughout the estuary.

Our results deviate from findings from studies carried out in aquatic systems that are not eutrophic. Typically,
inorganic nutrient limitation leads to preferred utilization of N-rich DOM, as indicated by low DOC:DON ratio
or protein-like FDOM (Asmala et al., 2013; Fellman et al., 2008). Also, in noneutrophic systems humic-like
FDOM is accumulated as a result of bacterial processing of phytoplankton exudates (Kinsey et al., 2017).
From this follows that in environments where nitrogen is abundant, C:N ratio or protein-like properties (indi-
cative of N-rich organic molecules) are not accurate predictors of DOM bioavailability. This is likely also the
case with phosphate and organic phosphorus, but our data are too scarce to corroborate that. In other words,
in coastal systems with high nutrient inputs the DOM recalcitrance is driven by something else than the tra-
ditional indices based on its inherent properties, such as C:N:P stoichiometry, but also on the environmental
conditions (Marin-Spiotta et al., 2014).

In conclusion, we documented significant changes in DOM quantity and characteristics along a freshwater to
marine gradient as a result of physical mixing and biochemical processes in a eutrophic coastal system with
high nutrient inputs and a long freshwater residence time. Through combining multiple characterization
methods, we quantified the rapid transformation of phytoplankton-derived autochthonous POM and DOM
into a pool of biologically recalcitrant DOM exported to the open sea. This DOM pool is characterized by small
molecule size and protein-like fluorescent properties. Our findings demonstrate that the potentially high
initial bioavailability of the autochthonous organic matter was rapidly lost through the cycling in the
heterotrophic spiral.
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