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Abstract

Streams and rivers form an important link in the global carbon cycle by transporting and transforming large amounts of
carbon imported from terrestrial ecosystems to the oceans. Since streams in agricultural areas often experience increased
concentrations of suspended mineral particles from soil erosion, they are important sites where dissolved organic carbon
(DOC) may be adsorbed to particles and retained in the sediment. As the extent of adsorption varies with the molecular
composition of dissolved organic matter (DOM), which is seasonally variable, we expect also the fraction of organic material
that adsorbs to mineral particles to fluctuate over time. We sampled the agriculturally impacted River Fyrisan (Sweden)
monthly during 1 year, and measured DOC concentration and DOM composition based on several optical properties. At
each sampling occasion, we estimated the potential for adsorption by exposing the samples to a reference clay. The potential
for adsorption was greatest when riverine DOM had the most terrestrial character, as this fraction of the DOM pool was
selectively adsorbed to clay surfaces. The extent of adsorption was negatively related to the concentration of base cations,
most notably calcium. We suggest that the observed relationships between the potential for adsorption, DOM composition
and base cations are linked by discharge. A bioavailability test at one sampling occasion suggested that DOM remaining
after exposure to clay particles was more biodegradable. This implies that adsorption may alter the degradation potential of

DOM remaining in solution, which could have far reaching effects on the fate of organic carbon.
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Introduction

The inland water continuum transports large amounts of
carbon from terrestrial to marine systems, and is additionally
an important site for the transformation of carbon (Cole
et al. 2007). A recent estimate suggests terrestrial export
of 5.1 Pg C yr~!, out of which only 0.95 Pg C yr~! reaches
the oceans (Drake et al. 2018). The majority of terrestrial
input of dissolved organic carbon (DOC) is thus removed
by microbial and/or photochemical degradation (Molot and
Dillon 1997; Algesten et al. 2003), resulting in substantial
emissions of CO, (Raymond et al. 2013) and CH, (Bastviken
et al. 2011) to the atmosphere, or is re-directed and stored in
the sediment (von Wachenfeldt and Tranvik 2008). Global
estimates of carbon burial rates in freshwater sediments vary
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between 0.2 and 6 Pg C yr~! for lakes, ponds and reservoirs
(Cole et al. 2007; Tranvik et al. 2009), and up to 1.6 Pg
C yr— !, if sedimentation in floodplains is also included
(Regnier et al. 2013). The large uncertainty in these values
also stems from an uneven geographic coverage, with a bias
towards data from northern latitudes, and the value of 0.6 pg
C yr~! is most commonly used, in spite of the uncertainty
(Drake et al. 2018; Regnier et al. 2013). One mechanism
by which organic carbon can be directed to the sediment
is adsorption to mineral particles and subsequent settling.
Understanding the processes and conditions related to
carbon burial, together with geographically representative
data on carbon burial rates, is necessary to improve our
understanding of the carbon cycle and to constrain its fluxes
and stocks on a global scale.

The process of dissolved organic matter (DOM)
adsorption is relatively well studied in soils, estuaries and
marine systems (e.g. Hedges and Keil 1999; Kaiser et al.
1996; Kalbitz et al. 2005; Keil et al. 1994), but has received
less attention in inland waters. High sediment loads do
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occur in certain situations, and especially running waters
can carry large amounts of suspended mineral particles
(Hay et al. 1998). Examples include land clearance and
land use change, leading to erosion and eroded particles
ending up in the water (Walling and Fang 2003), river
bank erosion, whether from natural causes or navigation-
induced wave erosion (Gabel et al. 2017) and permafrost
thaw (Lafreniére and Lamoureux 2019), e.g. retrogressive
thaw slumps, where melting ground ice leads to the collapse
of the land surface, which increases the sediment load in
nearby streams and rivers (Kokelj et al. 2013). Streams
draining an agricultural landscape may be the most prevalent
systems that experience high sediment loads. These streams
therefore present particularly interesting study cases for
the adsorption of DOM to mineral particles. Agricultural
practices often cause soil erosion, so that mineral particles
end up in neighbouring ditches and streams (Bakker et al.
2008), especially at high runoff (Glendell and Brazier 2014).
In case of heavy rainfall or floods, lack of natural vegetation
results in more suspended sediment export to streams in
agricultural catchments compared to forested catchments
(Garcia-Ruiz et al. 2008; Haddadchi and Hicks 2020). Once
exported to streams, the eroded mineral particles might serve
as a substrate for DOM adsorption.

A previous study showed that the potential for DOM
adsorption to particles is widespread and highly variable
across boreal waters, as 22—-75% of the total DOC pool was
removed to clay particles in batch adsorption experiments
(Groeneveld et al. 2020). The fraction of DOC that could
be adsorbed was related to the DOM composition of the
samples, as well as water chemistry parameters (such as pH
and base cations), which varied widely across the studied
sites, in agreement with other studies on DOM adsorption
(e.g. Day et al. 1984; Kaiser 2003; Kothawala et al. 2012;
McKnight et al. 2002; Tipping 1981). While environmental
characteristics and corresponding response in DOM
adsorption properties vary across a broad geographical
region (Groeneveld et al. 2020), it is also relevant to
consider the extent to which the potential for adsorption
at one site might vary over time. Seasonal variability in
environmental characteristics within a single site might be
more constrained than across multiple sites, which raises
the question whether controls on DOM adsorption potential
across a broad geographical area are comparable to the
controls across a temporal scale at one site. Knowledge
of the temporal variability could also help to determine
whether adsorption is an important process in regulating
DOM dynamics throughout the year, or whether it is likely
to be more important at certain times.

For this study, we follow seasonal fluctuations in DOM
composition and adsorption potential to a reference clay
during the course of 1 year in the River Fyrisan. As a river
draining an agricultural landscape, Fyrisan occasionally
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experiences high turbidity, possibly as a result of suspended
sediment that is imported from the surrounding agricultural
fields. Long-term monitoring data from the study site show
that historically, turbidity is systematically higher in spring
and autumn (Fig. S1a, Miljodata-MVM, 2020; Folster et al.
2014). During the growing season, vegetation cover protects
the soil from erosion by reducing runoff and increasing
infiltration of water into the soil matrix (Gyssels et al. 2005;
Durén Zuazo and Rodriguez Pleguezualo 2008). In spring,
the lack of biomass in combination with snow melt may
increase erosion, particularly if this coincides with tillage
on the fields, while in summer, plant biomass helps to hold
the soil together. In autumn, after the end of the growing
season, the decrease in biomass in combination with autumn
rains once again makes the soil more susceptible to erosion.
Total organic carbon (TOC) for the River Fyrisan does not
show a clear seasonal pattern (Fig. S1b, Miljodata-MVM
2020), but different organic carbon sources and removal
processes may contribute to apparently stable riverine TOC
levels at different times of the year. For example, in the
period from autumn to spring, leaf litter and soil organic
matter from the previous growing season may be degraded
and leached from soils, while in summer, the contribution
of autochthonous carbon may be greater. Together with
photobleaching, this could be an explanation for the decrease
in water colour (absorbance at 420 nm) during this period
(Fig. Slc, Miljodata-MVM 2020). Variation in organic
matter composition can be seen in long-term observations of
the specific absorbance at 420 nm, which is generally higher
in winter and spring, and lower in summer and early autumn
(Fig. S1d, Miljodata-MVM 2020). Since we have indications
from historical trends that both DOM composition and
turbidity are temporally variable, we hypothesize that
adsorption potential varies seasonally.

At any given time, DOM present at the river mouth
prior to draining to the sea differs from the DOM imported
from terrestrial ecosystems, since DOM is transformed
during downstream transport. Extensive processing during
transit through inland water has the potential to reduce
DOM bioavailability (Catalan et al. 2016). In other rivers
at similar latitudes, only 2-8% of the DOC was readily
available for microbial consumption (Asmala et al. 2014;
Reader et al. 2014). Since adsorption to mineral particles
is one of the processes that can alter the composition of
the carbon flowing downstream, we studied how adsorption
affects DOM bioavailability at one time point. A study on
stream DOM adsorption onto iron oxyhydroxides predicted
the adsorbed DOM to be less bioavailable since it is mostly
composed of aromatic fulvic acids (McKnight et al. 2002).
Since adsorption to a reference clay also selectively removed
aromatic compounds in boreal waters (Groeneveld et al.
2020), we hypothesize that bioavailability of the DOM
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remaining after adsorption might be higher compared to that
of the unaltered DOM pool.

The main aim of this study is to explore the seasonal
variability in the potential for DOM to adsorb. We
determined adsorption potential in monthly samples in
laboratory experiments by exposing the samples to a fixed
amount of clay particles. By relating the adsorption potential
to DOM composition parameters and environmental
variables, this study shows when or under which
circumstances adsorption may be especially prevalent in the
river system. In addition, we tested whether selective DOM
adsorption affects bioavailability of the remaining DOM.

Methods
Site description

River Fyrisan, in the region Uppland, Sweden, was sampled
at Klastorp (59°53'11.3"N 17°34'42.0"E), approximately
4 km northwest of Uppsala. The catchment area upstream of
Klastorp is 1194 km?, of which 633 km? (53%) is forest and
286 km? (24%) agricultural fields (Fig. S2). The agricultural
fields are situated closer to river, while the forested areas are
more towards the periphery of the catchment. Long-term
averages (1999-2018, monthly samples, Miljodata-MVM
2020) show that the river is nutrient rich (51 ugL~! total
phosphorus and 1.8 mgL~! total nitrogen) as a consequence
of the prevalence of agriculture in the catchment. The
river is further characterized by a mean pH of 7.6, a good
buffering capacity (2.9 meqL ™" alkalinity), and fairly high
conductivity (40 mSm~! at 25 °C). On average, water
temperature is 8.5 °C, oxygen concentration 9.7 mgL ™!,
total organic carbon concentration 17 mgL ™" and suspended
matter 9 mgL~!. The catchment soils of Fyrisin are
characterized by glacial and postglacial sediments with a
high clay content (40-70%), which is calcium rich (10-30%
CaCO;) (Moller 1993).

Sampling and storage

The river was sampled once per month between April 2017
and April 2018 at Klastorp. Conductivity, pH, and water
temperature were measured in situ with a field probe (Hanna
HI991300). The water samples were filtered (approximately
500 mL per filter, 47 mm diameter) over pre-combusted,
pre-weighed, and pre-rinsed 0.7 um Whatman GF/F filters
within an hour of sampling and stored at 4 °C in the dark for
up to 2 months when the batch adsorption experiments were
performed. The filters were dried at 60 °C and stored in Petri
dishes in a desiccator and saved for the determination of
particulate matter. Muffled 0.7 um glass fiber filters (GF/F)
were used since they hold advantages over the use of 0.2 and

0.45 um membrane filters. The 0.7 um GF/F filters allow
for a wider and more representative fraction of the DOM
pool, possibly including larger colloids. However, studies
comparing the effect of filter size on DOM have shown
minor effects on descriptors such as DOC concentration,
013C, and optical characteristics (Baker et al. 2007,
Denis et al. 2017; Nimptsch et al. 2014). Storage of the
water samples was found to have a small effect on DOC
concentration and DOM composition, which was negligible
in comparison to the seasonal variation and treatment effect
(see Supplementary Information, Supplementary text and
Table S1).

Hydrology and meteorology

Temperature and precipitation data were obtained from the
Swedish Meteorological and Hydrological Institute (SMHI,
https://www.smbhi.se/data/utforskaren-oppna-data/, accessed
January 18, 2019) for the weather station at Uppsala airport
(1.3 km from the sampling site Klastorp). Temperature was
reported as the daily average and precipitation as the daily
sum. Discharge data were calculated from the rating curve
based on water level at a stream gauge 5 km downstream of
Klastorp (www.fyris-on-line.nu). Data were collected at an
hourly interval, but converted to daily averages. No other
major stream branches join Fyrisan between Klastorp and
the gauging station, so discharge at the station is expected to
be highly representative of discharge at the sampling point.
Discharge, air temperature, and precipitation are shown in
Fig. 1.

Adsorption experiments

Batch adsorption experiments were performed on each
of the collected water samples (once per month during a
period of 13 months). On the day of the experiment, the
stored water samples were filtered again over GF/F filters
and subsamples taken in triplicate for measurements of DOC
concentration, anions and cations, and for DOM composition
by absorbance and fluorescence spectroscopy. Triplicates of
100 ml sample were transferred into 250 ml glass bottles,
and 0.5 g clay (5 gL~!) was added together with a magnetic
stirring rod. The clay (IPT 32 “Plastic Clay”, Bureau of
Analysed standards, UK) consists mainly of SiO, (51.8%),
Al,05 (28.5%) and Fe,0; (3.46%) and is composed of
approximately 80% kaolinite, 10% quartz, 5% illite, 5%
feldspar, and a trace of smectite (Hosterman et al. 1987).
The samples were stirred for 20 h at 4-13 °C (depending
on available temperature-controlled rooms during the
course of the year) in the dark. Afterwards, the samples
were transferred into centrifuge bottles and centrifuged for
30 min at 9000 RCF at 13 °C. The supernatant was filtered
over GF/F filters and divided into subsamples for DOC
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Fig. 1 Mean daily discharge, mean daily air temperature, and daily precipitation during the study period. Sampling occasions are indicated with
black dots. In the temperature graph, 0 °C is indicated with a light blue line

and ion concentrations and DOM composition. Procedural
blanks of 5 g L™! clay in Milli-Q water were included for all
analyses to measure any desorption of pre-existing organic
matter from the clay. These clay blanks showed measurable
DOC desorption of approximately 0.5mg C L™! and an
absorbance signal which at 250 nm contributed at most
7% to the absorbance spectra of the samples (Fig. S3). The
concentration of particles was chosen to allow substantial
changes in DOC concentration and DOM composition to
be observed and to be able to compare the results with a
previous study (Groeneveld et al. 2020). All plastic bottles
were acid washed (5-10% HCI) and all glassware was acid
washed (10% HCI) and combusted (4 h at 450 °C) before
use.

Biodegradation experiment

The effect of adsorption to mineral particles on DOM
bioavailability was tested on the sample from April 2018 by
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comparing DOC loss during a bio-incubation for the original
sample and the sample after the adsorption experiment. For
this test, the sample was filtered through a 0.2 pm Supor
200 filter to reduce the bacterial abundance. Half the sample
was kept as a control, while the other half was exposed to
clay particles as described above, centrifuged to separate
the clay particles from the water sample, and re-filtered
through a 0.2 um filter. Both the adsorption sample and
the control received an inoculum (the same Fyrisan water
sample filtered through a Whatman GF/C filter, pore size
1.2 um) that comprised 10% of the total sample volume and
subsamples were taken for DOC and optical measurements
at the start of the incubation. Triplicate samples were
incubated in 40 ml vials at 20 °C in the dark for 53 days,
after which DOC and optical properties were measured
again.
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Water chemistry analyses

DOC concentrations were determined on a Shimadzu total
carbon analyser (Shimadzu TOC-L, Shimadzu Corporation,
Kyoto, Japan, as non-purgeable organic carbon (NPOC,
with EDTA as a quality check), except the sample from
April 2017, which was measured on a Sievers M9 total
organic carbon analyser (GE Analytical Instruments,
Boulder, Colorado, USA). Samples for anion and cation
concentrations were filtered over pre-rinsed 0.2 pm Supor
(Pall Laboratory) filters (cation samples were acidified
with 20 pl 0.1 M HNO; per 1 ml sample), stored frozen,
and measured on a Metrohm IC system (883 Basic IC
Plus and 919 Autosampler Plus). Anions (F~, C17, NO*-,
PO,*>~ and SO,?") were separated on a Metrosep A Supp 5
analytical column (150 % 4.0 mm) fitted with a Metrosep A
Supp 4/5 guard column at 0.7 ml min~' using a carbonate
eluent (3.2 mM Na,CO;+ 1.0 mM NaHCO,). Cations (Na*,
NH,", KT, Ca*" and Mg?") were separated on a Metrosep
C4 column (250 % 2.0 mm) with a Metrosep C4 guard
column with an eluent of 1.7 mM nitric acid and 0.7 mM
dipicolinic acid and a flow rate of 0.2 ml min~'. The GF/F
filters obtained after sampling (see Sect. 2.2) were acidified
with 1 M HCI to remove carbonates (Nicuwenhuize et al.
1994), dried, cut into quarters, and analysed for N and C
to obtain POC/PN ratios on an Elemental Combustion
System (Costech Instruments, Cernusco s/Nav., Italy), using
acetanilide as a standard and EDTA to check the calibration
curve.

Absorbance and fluorescence spectrometry

UV-Vis absorbance spectra (250 to 600 nm) of filtered
water were measured in a 1 cm quartz cuvette using a
Lambda35 UV-Vis Spectrometer (PerkinElmer Lambda 25,
Perkin Elmer, Waltham, USA). The specific UV absorption
coefficient at 254 nm (SUVA,s,; L mg C~! m™"), a proxy
for aromaticity (Weishaar et al. 2003), was calculated as
the ratio between A,s, and the DOC concentration (mg
C L7"). For analyses where A,s, was not available, the
specific absorbance coefficient at 420 nm was calculated
(SA,y0; L mg C™! m™"). The 250/365 absorbance ratio
was used as a proxy for non-aromatic and low molecular
weight compounds (Peuravuori and Pihlaja 1997), where
high values indicate a low degree of aromaticity and low
molecular weight, and low values denote a high degree of
aromaticity and high molecular weight. The absorption
spectral slope ratio Sy (the slope at 275-295 nm divided by
the slope at 350-400 nm of log-transformed spectra) was
used as a proxy to track changes in molecular weight,
for example as a result of photochemistry or microbial
alterations (Helms et al. 2008). Total absorbance (A,,) was

calculated as the integrated absorbance between 250 and
600 nm.

Fluorescence scans were obtained using a FluoroMax-4
Spectrofluorometer (FluoroMax-4, Jobin Yvon, Horiba,
Kyoto, Japan), at excitation wavelengths 250-445 nm with
5 nm increments and emission wavelengths 300-600 nm
with 4 nm increments. The excitation—emission matrices
(EEMs) were corrected for instrument biases, a water blank
(Milli-Q water run on the same day as the samples) and
inner filter effects and normalised to Raman units (Lawaetz
and Stedmon 2009; Kothawala et al. 2013). Since a clear
peak shift (i.e. a shift in the location of the maximum
fluorescence intensity in the peak A and peak C area) was
observed in the original samples across the seasons and
as a result of the adsorption treatment, we refrain from
picking peaks at specific wavelength pairs and PARAFAC
modelling. Instead, we focus on following the intensity
and location of the fluorescence peaks in the peak A and
peak C areas. These wavelength locations were determined
within Ex 250 nm, Em 350-500 nm for peak A and Ex
300400 nm, and Em 392-500 nm for peak C. In addition,
three commonly used indices were calculated to serve as
proxies for DOM composition (fluorescence index (FI; Cory
and McKnight 2005), humification index (HIX; Ohno et al.
2002), and freshness index (FRESH; Parlanti et al. 2000)).
All fluorescence corrections and calculations of the indices
were performed using the FDOMcorr toolbox (Murphy et al.
2010) for MATLAB (Mathworks, Inc., Natick, MA).

Data analyses

We performed a partial least squares (PLS) analysis to
determine which DOM characteristics and environmental
parameters can help to explain the variability in DOM
adsorption potential, expressed as the relative loss in
DOC (ADOC%). The PLS algorithm extracts uncorrelated
latent components from the multivariate data space of the
explanatory variables to maximally explain the variance
in the percentage DOC lost. The model loadings indicate
how different explanatory variables load onto latent
components. PLS analysis was especially suitable for this
data set, as it is insensitive to correlations between the
predictor variables. Predictor variables were checked for
skewness (skewness > 2.0 and/or min./max. ratio<0.1),
but none of the variables needed to be transformed, while
the response variable was arcsine transformed to increase
model performance. All variables were mean centred
and scaled to unit variance prior to analysis. The number
of variables was reduced by taking the sum of all cations
(Na*, NH,*, K*, Ca’" and Mg**) and anions (F~, CI-,
NO’~, PO,*" and SO,*"), respectively, with their individual
molarities weighted by charge. Discharge was represented as
mean daily discharge during 30 days preceding the sampling
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date (Qsg). The use of mean daily discharge for 1, 10 and
30 days preceding the sampling date gave similar results
in the analysis, but the 30-day average was chosen, as this
time period allows for the effect of both the water residence
time in the river and transport from the catchment to the
river. Seasonality was included as smoothed mean daily air
temperature (T°C), using Friedman’s SuperSmoother in R,
which applies a bivariate regression (time vs. temperature)
smoother based on local linear regression with adaptive
bandwidths. The importance of predictor variables on the
model is given by the variable influence on projection
(VIP) scores, where VIP scores>1 were considered
highly influential, 1> VIP > 0.8 moderately influential,
and < 0.8 less influential (see Table S2). Cross-validation
was performed to assess the predictive power of the model
(Q%Y) and random permutation testing (999 permutations)
of the response variable indicated the statistical significance
of the estimated predictive power (Eriksson et al. 2013). PLS
modelling was done in SIMCA 16.0 (Umetrics AB, Umesd,
Sweden).

Based on the results of the PLS, we constructed a
multiple linear regression model that predicts the relative
loss in DOC (ADOC%) by adsorption to clay particles
using two predictor variables with high VIP and assessed
their interaction. The multiple linear regression model
was subsequently applied to long-term monitoring data
(Miljodata-MVM 2020) to predict the potential for
adsorption to clay particles on a monthly basis during
the years 1993-2002 and 2017-2018 (during which all
required variables were measured). The seasonal trend in
predicted adsorption potential for the long-term monitoring
data was visualized using a generalized additive model
(GAM). GAM is a nonlinear regression technique that
uses smoothed spline functions to model the relationship
between two variables, while the shape of the relationship
between the variables does not have to be specified a priori.
As such, the model helped to discern the seasonal pattern
in the predicted relative DOC loss by adsorption across the
long-term monitoring data. The GAM model was applied
using the mgev package in R. Taken together, the multiple
linear regression model and the GAM model can give us a
more general idea of the temporal variability in adsorption
capacity in the river throughout the year.

Results and discussion
Seasonal variation
Seasonal variation in DOC and discharge

DOC concentrations varied from 10.5 mgL~! in May 2017
to 26.4 mgL~! in November 2017 (solid circles in Fig. 2).

@ Springer

o _
0
o 0‘00.
Q -
3
T o R
X
6',&0_
E o ©
= @ e ©
o S o o
O O o ®
DON )
o N o
o o s o © ooo
‘9— o ©
o4

T T T 1 T T T T T 1
AMJ JASONDUJIFMA

Fig.2 Absolute and relative DOC loss between April 2017 and April
2018. Solid circles denote ambient samples, and open circles denote
samples after adsorption. Diamonds represent the relative loss in
DOC concentration by adsorption. The colour gradient of the data
points denotes the sampling month and is consistent throughout the
figures. The error bars denote standard deviations based on three
replicates

A gradual change can be observed with low DOC in spring
and summer and high DOC in late autumn and winter. The
most abrupt change at the resolution of monthly samples was
observed from September to October, when DOC increased
from 14.2 to 25.4 mgL~". This coincides with an increase
in discharge as a result of heavy rainfall in early October
(Fig. 1). The largest peak in the hydrograph for the study
period occurred in April, indicating the spring freshet.
This discharge peak is not accompanied by any increase in
DOC concentration. High discharge as a result of rainfall
or snow melt is often associated with an increase in DOC
concentrations (Hope et al. 1994). For instance, a study of
seven catchments in northern Sweden showed that TOC
concentrations in forested catchments correlated well with
discharge during the spring flood (Laudon et al. 2004). In
catchments where precipitation is dominated by rainfall,
extreme events can be responsible for the majority of the
carbon export (Dalzell et al. 2005). However, in catchments
with snow being a substantial fraction of the total
precipitation, dilution of DOC concentrations may occur at
a high proportion of wetland cover, when water from the
snow melt is exported over ice and frozen peat rather than
through the (forest) soil (Laudon et al. 2004; Raymond and
Saiers 2010). Since wetland cover in the Fyrisdn catchment
is small (< 5%), this is not likely to be the explanation here.
We suspect that DOC concentration in this system is affected
by both export, which is related to discharge and snow melt,
and the carbon stock in the soil, which is available for export.
We speculate that the majority of the organic material that
can be flushed out of soils and as overland runoff has been
exported during autumn and winter, so that the snowmelt in
spring mostly had a diluting effect. This mechanism has also
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Fig.3 a Total absorbance, b spectral slope, ¢ SUVA,s,, d as solid circles, and samples after adsorption are depicted as open
humification index, e fluorescence index, and f freshness index circles. The error bars denote standard deviations based on three

between April 2017 and April 2018. Ambient samples are depicted replicates (the first time point did not have replicates)
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been suggested for a northern Swedish river, where TOC
export was thought to be limited by the TOC pool in the soil
during spring, but not in other seasons (Agren et al. 2008).

Seasonal patterns in DOM composition

Total absorbance decreased slightly between April and
September, increased sharply in October and November,
and then decreased again between December and April
(Fig. 3a). Not only was the DOC concentration higher in
autumn and winter, but also the DOM was relatively more
intensely coloured in autumn and winter than in spring and
summer (as indicated by Abs,, divided by DOC, not shown).
The spectral slope ratio (S) increased between April and
September (Fig. 3b), suggesting a decrease in molecular
weight, possibly as a result of photochemical changes (Helms
et al. 2008). It dropped sharply in October and remained
approximately stable until April in the next year, suggesting
an addition of high molecular weight DOM (Helms et al.
2008) during this period. SUVA,s, did not show a smooth
trend throughout the seasons (Fig. 3c), although the lowest
aromaticity was found in September, the largest increase
occurred between September and October and the highest
value was recorded in April. The humification index showed
a gradual decrease between April and September, a sharp
increase in October after which it remained high throughout
the winter (Fig. 3d). Higher HIX values indicate the presence
of more condensed molecules with lower H/C ratios and
the emission spectra shifted towards longer wavelengths
(Zsolnay et al. 1999), characteristic of terrestrial DOM.
The fluorescence and freshness index, both indicators of
newly produced, autochthonous DOM (Cory and McKnight
2005; Parlanti et al. 2000), show the opposite pattern with
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Fig.4 a Maximum fluorescence intensity in Raman units (R.U.) and
b emission wavelength in nm at the maximum fluorescence intensity
(Em,,,,,) at Ex 250 nm between May 2017 and April 2018. Solid
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a gradual increase throughout spring and summer, a sharp
drop in October, and continued low values throughout
autumn and winter (Fig. 3e, f). Taken together, the optical
parameters give the general impression of less coloured,
more autochthonous, and photodegraded material being
present in spring and summer, and an increase in highly
coloured terrestrial, higher molecular weight material in
autumn and winter.

Following the pattern observed for the optical parameters
described above, maximum fluorescence intensity also
increased markedly in October and was higher in autumn
and winter compared to spring and summer (Fig. 4a).
Maximum fluorescence intensity, which always occurred
in the peak A region (Ex 250 nm, Em 420-460 nm, Coble
et al. 1990), varied between 1.8 R.U. in September and 4.4
R.U. in November. Simultaneously, a shift in the position
of the maximum fluorescence intensity was observed
(Fig. 4b), with higher fluorescence intensities occurring
at higher emission wavelengths. The emission wavelength
of the maximum fluorescence intensity varied between
432 nm in August 2017 and 456 nm December 2017 (for
comparison, the maximum intensity in the peak A area
was between 428 and 480 nm with a median of 456 nm in
a study on> 500 lakes from all over Sweden, Kothawala
et al. 2014). The fluorescence intensity in the peak C area
(Ex 320-360 nm, Em 420-460 nm) displayed the same
seasonal pattern as peak A. In this temporal data set, both the
intensity and the position of the peak provide information
about the DOM character. A higher fluorescence intensity
in the peak A area indicates a larger abundance of ‘humic-
like” material during the period from late autumn to early
spring (Fig. 4a). Fluorescence at high emission wavelengths,
which characterizes the EEMs in late autumn through
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early spring, originates from compounds characterized by
aromatic rings, conjugated bonds in a chain structure, and
carbonyl, hydroxyl, and amine functional groups (Chen
et al. 2003; Senesi 1990; Zsolnay et al. 1999), as well as
higher molecular weight (Her et al. 2003). These molecular
structures and functional groups are typically features of
terrestrial organic matter that has accumulated on land as
biomass during the growing season and is brought to the
soil and eventually to the river at the end of the growing
season. A steady decrease is observed in some parameters
(total absorbance (Fig. 3a), fluorescence intensity (Fig. 4a)
and wavelength at maximum intensity (Fig. 4b)) from
autumn to spring, suggesting a continued though decreasing
export of terrestrial organic matter from the soils to the
river during this period. Fluorescence at lower emission
wavelengths, which characterizes the EEMs in late spring
through early autumn, is associated with a lower abundance
of these functional groups and lower molecular weight.
Low emission wavelength fluorescent DOM, together with
an increase in the freshness and fluorescence index and the
spectral slope ratio, is indicative of autochthonous organic
matter, which becomes more apparent in the DOM signature
of the river in late spring through early autumn as a result of
in situ organic matter production.

In summary, DOM composition as determined by
absorbance and fluorescence spectrophotometry showed
seasonal fluctuations with a more terrestrial signature
dominating in late autumn through early spring, and a more
autochthonous signature in late spring through early autumn.

Adsorption to clay particles
Terrestrial DOM is more susceptible to adsorption

Adsorption to 5 gL~! mineral particles removed
2.3-10.5 mgL~! DOC, which corresponds to 22-42% of the
initial DOC (diamonds in Fig. 2). This temporal variation
within one site covers a substantial fraction of the span
across 30 widely different sites (22-75%) in a previous study
(Groeneveld et al. 2020). The largest absolute and relative
effects of adsorption were found between October and
February, whereas the DOC was least affected between May
and July. The concentration of PO,>~, which has a strong
adsorption capacity and potential to compete with DOM for
binding sites, was measured before and after exposure to clay
particles. No systematic change in the PO,*~ concentration
was observed, indicating that PO43_ did not interfere with
the adsorption potential of DOM to the reference clay.
Adsorption selectively removed DOM of a terrestrial
origin that is coloured and with high molecular weight, as
indicated by a decrease in total absorbance, SUVA,s,, and
humification index and an increase in the spectral slope ratio
and fluorescence and freshness indices (Fig. 3).

Analysis of the EEMs showed that DOM adsorption
to clay particles also led to a decrease in fluorescence
intensity in the humic-like region (Fig. 4a), as well as in
the emission wavelength at maximum fluorescence intensity
(Fig. 4b. The decrease in fluorescence intensity and the
emission wavelength at maximum fluorescence intensity
was most apparent for samples with an initially long
emission wavelength at maximum fluorescence intensity
(in late autumn through early spring, when the DOM has
a more allochthonous character), and more ambiguous
for samples starting out at shorter emission wavelengths
(late spring through early autumn, when the DOM has a
more authochthonous character). These results show that
organic matter fluorescing at longer emission wavelengths
is preferentially adsorbed, causing blueshift in the EEM (the
peak maxima of the humic-like compounds shift to a shorter
emission wavelength). This blueshift may be caused by a
decrease in the number of aromatic rings, conjugated bonds
in a chain structure, and carbonyl, hydroxyl, and amine
functional groups (Chen et al. 2003; Senesi 1990). Even
though not all fluorescent compounds can be analysed with
mass spectrometry and vice versa, inferences can be made
about the composition of DOM by studying correlations
between long emission wavelength FDOM and unsaturated
compounds identified by mass spectrometry (Kellerman
et al. 2015; Stubbins et al. 2014). A previous study that used
mass spectrometry to study the change in DOM composition
as a result of adsorption to the reference clay found a
preferential loss of low H/C and high O/C compounds,
indicative of a loss of oxygen-containing functional groups
(Groeneveld et al. 2020). Taken together, this suggests
that the fluorescent compounds lost to adsorption contain
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functional groups that cause them to fluoresce at longer
emission wavelengths and allow them to adsorb to the clay
particles. These functional groups are supplied by DOM
of terrestrial origin, so that the adsorption effect (% DOC
adsorbed, Fig. 2) is largest in autumn through early spring.
During this time, terrestrial biomass that has accumulated
during the growing season finds its way into the soil and
eventually gets exported to the river as terrestrial DOM.

Partial least square (PLS) analysis was performed to see
which variables may cause or predict the relative change
in DOC concentration after adsorption (Fig. 5). The first
component explains 62% of the variation in the relative
change in DOC and is mostly associated with a more
aromatic, terrestrial DOM character versus a more aliphatic,
aquatic-like DOM character. DOM variables indicating a
more aromatic, terrestrial character with a highly positive
loading on the first component are DOC concentration, total
absorbance (A,,,), water colour (A,,,), humification index
(HIX), POC/PN index (CN), and the maximum fluorescence
intensity in the ‘peak A’ region (peakA_I) as well as the
emission wavelength of this maximum (peakA_WL). DOM
variables indicating a more aliphatic, aquatic-like character
with a highly negative loading on the first component are
the freshness index (FRESH), fluorescence index (FI),
absorbance spectral slope ratio (Sg), and absorbance ratio
(Ry50-365)- This DOM gradient also coincides with discharge
(Qj, highly positive loading on the first axis) and seasonality
as illustrated by temperature (T°C, highly negative loading).
Taken together, we surmise that periods of high discharge,
especially at the end of the growing season, result in a large
input of terrestrial DOM that is susceptible to adsorption.
Large inputs of reactive DOM at the end of the growing
season are transported from the soils to the river. This
transport flux is reflected in an increase in discharge as a
result of periods with high rainfall. Based on its chemical
properties, freshly imported DOM has a large potential for
processing (Hutchins et al. 2017), although the influence
of sunlight and microbes is decreasing at this time of year
with lower temperatures and less daylight hours and light
intensity. Therefore, there is a large potential for adsorption
if a suitable substrate is available.

Water chemistry affects DOM adsorption

The second component of the PLS (Fig. 5) explains an
additional 22% of the variation in the relative change in
DOC and is associated with pH and cations. However, pH
(displaying little variation with values between 6.8 and
7.5) does not show a clear univariate relationship with the
relative decrease in DOC after adsorption. Cations, on the
other hand, show a negative relationship with the relative
change in DOC. That is, with a higher concentration of
positively charged ions, a smaller proportion of the DOC
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gets adsorbed. Although all ions are generally correlated
with each other, Ca®* is likely to be the most influential
in this scenario. Divalent cations are known to cause
flocculation (Eckert and Sholkovitz 1976) or aid adsorption
by forming cation bridges between negatively charged
mineral surfaces and DOM molecules and thus reducing
electrostatic repulsion (Day et al. 1984; Preston and Riley
1982; Tipping 1981). Both Mg?* and Ca?* were measured,
but we focus here on Ca?* as this has been shown to have
the strongest effect on DOM removal (Eckert and Sholkovitz
1976; Preston and Riley 1982) and is the most abundant
cation that we measured. At high Ca?* concentrations, a
smaller fraction of DOC is adsorbed onto clay particles
(Fig. 6a, linear regression R*=0.53, p-value =0.0044).
This might be because some of the DOM prone to adsorb
has already flocculated out of solution prior to sampling,
or because there is less ‘adsorbable DOM’ present in the
system at the time of high Ca’* concentrations. In the
second case, our hypothesis is that relatively lower runoff
from land and through the deeper soil layers leads to lower
terrestrial DOM input to the river, while allowing for a
relatively larger groundwater contribution, which brings
in base cations. In support of this hypothesis, we find that
high Ca’* concentrations are associated with low discharge
(Fig. 6b, linear regression R*>=0.38, p value=0.0196). Base
cations such as Ca** are known to decrease in concentration
in streams at high discharge, while higher concentrations
may be found at baseflow conditions, indicating a larger
influence of shallow groundwater to the total inflow
(Halliday et al. 2012; Ledesma et al. 2013; van Gaelen
et al. 2014). In our study system, we suspect that a deeper
flow path with groundwater inflow from the subsoils and
substratum at low discharge supplies base cations. High
discharge, especially at the end of the growing season,
brings in substantial amounts of terrestrial DOM from
surface runoff and through the upper soil horizons, while
at low discharge, this terrestrial supply is diminished, as is
exemplified by the positive trend observed in the relationship
between discharge and SUVA,s,, a proxy for the terrestrial
fraction of the DOM (Fig. 6c¢, linear regression R?>=0.24,
p value =0.0595). While this relationship (which is only
based on 12 data points) is statistically not significant and
should therefore be considered with some caution, the trend
of higher SUVA,;, with higher discharge can be observed
from the plot. High SUVA,s, values are typically associated
with the upper layers of the soil (Jaffrain et al. 2007), from
which the DOM is exported to streams in case of a high
water table or at high discharge (Schuster et al. 2008; van
Gaelen et al. 2014; Wallin et al. 2015). The hypothesized
connections between discharge, terrestrial input and base
ion concentrations are summarized in Fig. 6d. Shallow layers
of the soil export more aromatic DOM, while deeper layers
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Fig. 6 a Relative DOC loss resulting from adsorption to clay particles
relative to Ca?* concentration, b Ca?t concentration relative to
discharge, ¢ SUVA,s, relative to discharge and d conceptual sketch of
the hypothesized connections between discharge, input of terrestrial
DOM and base cations. The left side of the river depicts low
discharge conditions, the right side high discharge conditions. In b

export higher concentrations of cations. This is consistent
with the findings of Barnes et al. (2018)

Ca?* and specific UV absorbance predict adsorption to clay
particles

Multiple linear regression was used to investigate whether
DOM composition and Ca>* concentrations combined could
explain the relative DOC loss to adsorption on clay particles.
Specific absorbance at 420 nm (SA,,,) was used as a proxy
for terrestrial DOM, which, in the next step, allowed us to
apply the model to the long-term monitoring data which
does not include absorbance at 254 nm as required to
calculate SUVA,s,. Together, Ca>* and SA,, explained
92% of the variation in the percentage DOC adsorbed. The
equation for the model is as follows:
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input of
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groundwater / )
in base cations
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and c, discharge is given as mean daily discharge during 30 days prior
to the sampling date. Colours in a, b and c as in previous figures, the
error bars denote standard deviations based on three replicates. The
R? values are the coefficients of determination from simple linear
regression (dashed line)

ADOC%=163.27-2.29 * Ca-335.22 * SA,,+6.43 * Ca
* SAy

where Ca is the concentration of Ca®* in mgL™" and
SA, in L mg C™' m~! is absorbance at 420 nm (path
length =1 cm) divided by the TOC concentration in mgL ™!
and multiplied by 100. The significant interaction (Ca *
SA ) term indicates that the effect of Ca®* ions varies
with the level of SA,,,. At low SA,,,, a small change in
Ca®* has a strong effect on percent DOC adsorbed, whereas
at higher SA,, the effect of Ca’" is weaker. While the
model performs well for the data at hand (R2 =092, n=12,
residuals between 0.1 and 4.2 percentage points, i.e. of
ADOC%), it is limited by the fact that the percentage DOC
adsorbed was either relatively low (21.5-21.7%) or relatively
high (34.5-43.0%), leaving a gap in the data between 22 and
34% DOC absorbed. Experiments on samples collected on
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Fig.7 DOC adsorption predicted by the multiple linear regression
model, trend visualized by a GAM model (the fitted spline and
its 95% Bayesian credible intervals). Black dots are predicted
values based on long-term data; the larger, coloured dots are the
experimentally determined values

a monthly basis did not provide a high enough resolution
to capture the transitions between low and high adsorption
potential that occurred between April-May and July—August,
respectively. Increased temporal resolution could improve
model robustness.

The model was applied to the long-term monitoring
data (Miljodata-MVM, 2020) from the same sampling
site (Fyrisan Klastorp) during the period 1993-2002 and
2017-2018 (n=145 observations for which all required
variables were available), and limited to the samples
(n=112) where both SA,, and Ca>* were in the range of the
data used to construct the model (SA,,,: 0.112-0.346 L mg
C'm™!, Ca?*: 50.7-76.4 mgL_l). In the absence of DOC
data, TOC was used as a proxy for DOC when calculating
SA 50, since the values are generally very similar for this
system. For the months when both TOC and DOC were
available (n=36), the median difference between the values
was 0.65 mgL™!, or 3%. The predicted percentage DOC
adsorbed when exposed to the clay particles used in this
study varies between 15 and 43%. The GAM model shows
that the predicted potential for adsorption was generally
lower in summer and early autumn and higher in winter and
early spring (Fig. 7). This pattern is highly similar to the
seasonal pattern in the experimentally determined potential
for adsorption (coloured circles in Fig. 7), suggesting that
the seasonal pattern in experimental results obtained during
one year is similar to in situ conditions across different years.
In River Fyrisan, turbidity is generally higher in spring
and autumn (Fig. S1a). In both these seasons, increased
turbidity coincides with an enhanced potential for adsorption
(compare Fig. Sla and Fig. 7), suggesting that adsorption
may occur in situ as well. It is important to note that the
application of the GAM model to the long-term data, as
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well as the experimental results of this study, are limited
to the specific adsorbent used. In reality, mineral particles
that end up in the river, e.g. from eroding river banks,
agriculture or forestry in the catchment, or resuspended
sediment, are likely to be less efficient adsorbents, although
other coagulants are also likely to result in DOM removal by
flocculation, such as bi- and trivalent cations (e.g. calcium,
magnesium, iron, and aluminium). In the case of Fyrisan,
it might be that CaCO; originating from the (post)glacial
sediments deposited in the area (Mo6ller 1993) is one of the
compounds that acts as a sorbent for organic matter (Suess
1973).

Adsorption affects DOM bioavailability

We tested DOM bioavailability after adsorption for one
sample (April 2018). Adsorption to clay particles decreased
DOC from 18.4 to 12.6 mgL~"! (5.8 mgL ™" or 32% removed).
During the bio-incubation of water that had been exposed
to clay, a further 3.6 mgL_l DOC (29%) was removed,
compared to a 2.9 mgL™! (16%) DOC loss in the control
that was not subjected to any clay adsorption (Fig. 8). This
result suggests that more DOC can be microbially degraded
after a certain fraction of the DOM has been removed by
clay adsorption. Adsorption to clay particles selectively
removed DOM that was highly coloured and of aromatic,
‘humic-like’ character (Fig. 4), which is generally not
seen as readily bioavailable (Kalbitz et al. 2003; Fellman
et al. 2008; Hansen et al. 2016). Through the removal of
this ‘recalcitrant’ material, the remaining DOM appears
to have become more available, or accessible, to the
microbial community. Alternatively, adsorption may have
resulted in the removal of substances that hinder microbial
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Fig.8 DOC concentration during the bioavailability test. Error bars
indicate the standard deviation around the mean of triplicates
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metabolism, such as tannins that cause enzyme inhibition
through complexation with microbial enzymes (Kraus et al.
2003). Increased bioavailability after selective adsorption
is also illustrated by the SUVA,s, values. Selective DOM
adsorption resulted in a decrease in SUVA,s, from 3.7
to 2.2 L mg C~' m~!. In the control, SUVA,s, increased
from 3.7 to 4.1 L mg C~! m~'during the bio-incubation.
After adsorption to clay particles, SUVA,s, increased from
2.2t0 2.9 L mg C~! m™! during the bio-incubation. This
shows that adsorption to clay particles decreases SUVA,,,
but that microbial degradation increases SUVA,s,, which
has been established by previous studies (e.g. Cory et al.
2015; Hansen et al. 2016). An increase in SUVA,5, with
biodegradation was larger after adsorption compared to the
control, just as more DOC was degraded after a fraction
of the DOM has first been removed by adsorption to clay
particles.

The results suggest that adsorption indeed increased
DOM bioavailability, which has implications for the
carbon budget. Adsorption is generally thought of as a
way to re-direct DOC to the sediment, bound to mineral
particles and thereby protected from biodegradation. If
the remaining DOM (that is, the fraction that does not get
adsorbed) has an increased bioavailability in comparison
to the total DOM pool, enhanced biodegradation offsets
part of the carbon sink caused by sedimentation. Thus, the
question to what extent adsorption enhances carbon burial
is not easily answered and merits further investigation.
For example, the result found here is contrary to a similar
study where polyvinylpyrrolidone resin was used to
selectively remove coloured phenolic compounds, after
which bioavailability was assessed (Mostovaya et al. 2016).
After the pre-treatment (which decreased the average
SUVA,, from 3.5 to 2.5 L mg C™' m™"), the remaining
DOM was as bioavailable as the DOM in the control in two
lakes, and less bioavailable in one lake. This suggests that
removal of ‘recalcitrant’ DOM does not automatically lead
to increase bioavailability of the remaining DOM, and that
a mechanistic understanding would be required to predict
bioavailability after selective DOM removal by different
adsorbents. We suggest that the effect of adsorption on
DOM bioavailability should be studied in more detail and
in a wider context, as it likely varies with DOM composition
and mineral particle characteristics.

Conclusions

The yearlong study of DOM adsorption potential in the
River Fyrisén showed a strong influence of seasonality. DOC
concentrations were lower in late spring and summer and
higher in late autumn and winter. Optical measures of DOM
composition showed that DOM was less coloured, more

autochthonous and photodegraded in spring and summer,
and more intensely coloured, terrestrial, of higher molecular
weight material in autumn and winter. Exposure to clay
particles at a concentration of 5 gL ™! removed 22-42% of
the DOC, which is narrower than the range found for 30
sites across Sweden (22—-75%, Groeneveld et al. 2020). The
percentage DOC adsorbed was highest at times when the
DOM had the most terrestrial character, as it was this fraction
of the DOM that was selectively removed. In addition to
DOM composition, the concentrations of cations, most
notably Ca’*, also affected adsorption. We speculate that
the relationships between adsorption, DOM composition and
Ca”" are linked by discharge. At high discharge, especially
at the end of the growing season, substantial amounts of
DOM that are prone to adsorb are brought into the river
from surface runoff and through the upper soil horizons.
At low discharge, especially in late spring and summer,
this terrestrial supply is diminished, and groundwater
contribution becomes relatively more important, bringing
higher Ca?* concentrations. High Ca®* concentrations might
have caused terrestrial DOM to be retained in the soil before
export to the river or to have flocculated in situ, and we
find lower DOC removal in the adsorption experiments.
Based on a multiple linear regression model where Ca>*
and SA,,, predict percentage DOC adsorbed, we found
that the potential for adsorption in Fyrisdn was generally
lower in summer and early autumn and higher in winter
and early spring for a 12-year data set. A bioavailability
test on one sample suggested that the remaining DOM was
more available to microbial degradation after a fraction of
the DOM had first been removed by adsorption. Since the
DOM composition, and with that the percentage DOC likely
to adsorb, varies seasonally, the effect of selective DOM
adsorption on bioavailability can be expected to vary as well.
The process of adsorption, its effect on DOM composition,
and the effect of adsorption on bioavailability in streams
and lakes have hitherto received little attention and should
be investigated further to improve our understanding of the
carbon cycle in inland waters. Further experimental studies
are important to obtain mechanistic understanding, but
adsorption and its consequences should also be studied in
the field to quantify the importance of this process in nature.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
500027-022-00898-9.

Acknowledgements The authors would like to thank Christoffer
Bergvall for general laboratory assistance and the analysis of the anions
and cations, Tomas Nord for providing the discharge data, the Swedish
University of Agricultural Sciences for the long-term monitoring data
of Fyrisan, and Suzanne Tank and Bjorn Lindahl for helpful discussion
on an early version of the manuscript. We are also grateful to two
anonymous reviewers for their constructive comments.

@ Springer


https://doi.org/10.1007/s00027-022-00898-9
https://doi.org/10.1007/s00027-022-00898-9

2 Page 14 of 16

M. Groeneveld et al.

Funding Open access funding provided by Uppsala University. The
study was supported by funds to L.J.T. from the Swedish Research
Council (2015-4870) and the Knut and Alice Wallenberg Foundation
(KAW 2013.0091).

Data availability The datasets analysed during the current
study are available in the Uppsala University data repository
(urn:nbn:se:uu:diva-460149).

Declarations

Conflict of interest The authors have no competing interests to declare
that are relevant to the content of this article.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Agren A, Jansson M, Ivarsson H, Bishop K, Seibert J (2008) Seasonal
and runoff-related changes in total organic carbon concentrations
in the River Ore. North Swed Aquat Sci 70(1):21-29. https://doi.
org/10.1007/s00027-007-0943-9

Algesten G, Sobek S, Bergstrom A-K, Agren A, Tranvik LJ, Jansson
M (2003) Role of lakes for organic carbon cycling in the boreal
zone. Glob Change Biol 10(1):141-147

Asmala E, Bowers DG, Autio R, Kaartokallio H, Thomas DN (2014)
Qualitative changes of riverine dissolved organic matter at
low salinities due to flocculation. J Geophys Res Biogeosci
119(10):1919-1933. https://doi.org/10.1002/2014JG002722

Baker A, Elliott S, Lead JR (2007) Effects of filtration and pH
perturbation on freshwater organic matter fluorescence.
Chemosphere 67(10):2035-2043. https://doi.org/10.1016/j.
chemosphere.2006.11.024

Bakker MM, Govers G, van Doorn A, Quetier F, Chouvardas
D, Rounsevell M (2008) The response of soil erosion and
sediment export to land-use change in four areas of Europe:
The importance of landscape pattern. Human Clim Impacts Fluv
Hillslope Morphol 98(3):213-226. https://doi.org/10.1016/j.
geomorph.2006.12.027

Barnes RT, Butman DE, Wilson HF, Raymond PA (2018) Riverine
export of aged carbon driven by flow path depth and residence
time. Environ Sci Technol 52(3):1028-1035. https://doi.org/10.
1021/acs.est.7b04717

Bastviken D, Tranvik LJ, Downing JA, Crill PM, Enrich-Prast A
(2011) Freshwater methane emissions offset the continental
carbon sink. Science 331(6013):50. https://doi.org/10.1126/
science.1196808

Catalan N, Marcé R, Kothawala DN, Tranvik LJ (2016) Organic carbon
decomposition rates controlled by water retention time across

@ Springer

inland waters. Nat Geosci 9(7):501-504. https://doi.org/10.1038/
ngeo2720

Chen J, LeBoeuf EJ, Dai S, Gu B (2003) Fluorescence spectroscopic
studies of natural organic matter fractions. Chemosphere
50(5):639-647. https://doi.org/10.1016/S0045-6535(02)00616-1

Coble PG, Green SA, Blough NV, Gagosian RB (1990)
Characterization of dissolved organic matter in the Black Sea by
fluorescence spectroscopy. Nature 348(6300):432. https://doi.org/
10.1038/348432a0

Cole JJ, Prairie YT, Caraco NF, McDowell WH, Tranvik LJ, Striegl
RG, Duarte CM, Kortelainen P, Downing JA, Middelburg JJ,
Melack J (2007) Plumbing the global carbon cycle: integrating
inland waters into the terrestrial carbon budget. Ecosystems
10(1):172-185. https://doi.org/10.1007/s10021-006-9013-8

Cory RM, McKnight DM (2005) Fluorescence spectroscopy reveals
ubiquitous presence of oxidized and reduced quinones in dissolved
organic matter. Environ Sci Technol 39(21):8142-8149. https://
doi.org/10.1021/es0506962

Cory RM, Harrold KH, Neilson BT, Kling GW (2015) Controls on
dissolved organic matter (DOM) degradation in a headwater
stream: The influence of photochemical and hydrological
conditions in determining light-limitation or substrate-limitation
of photo-degradation. Biogeosciences 12(22):6669-6685. https://
doi.org/10.5194/bg-12-6669-2015

Dalzell BJ, Filley TR, Harbor JM (2005) Flood pulse influences on
terrestrial organic matter export from an agricultural watershed.
J Geophys Res. https://doi.org/10.1029/2005]G000043

Day GM, Hart BT, McKelvie ID, Beckett R (1984) Adsorption of
natural organic matter onto goethite. Colloids Surf, A 89(1):1-13.
https://doi.org/10.1016/0927-7757(94)02855-9

Denis M, Jeanneau L, Pierson-Wickman A-C, Humbert G, Petitjean P,
Jaffrézic A, Gruau G (2017) A comparative study on the pore-size
and filter type effect on the molecular composition of soil and
stream dissolved organic matter. Org Geochem 110:36—44. https://
doi.org/10.1016/j.orggeochem.2017.05.002

Drake TW, Raymond PA, Spencer RGM (2018) Terrestrial carbon
inputs to inland waters: a current synthesis of estimates and
uncertainty. Limnol Oceanogr Lett 3(3):132—142. https://doi.org/
10.1002/1012.10055

Duran Zuazo VH, Rodriguez Pleguezuelo CR (2008) Soil-erosion
and runoff prevention by plant covers. a review. Agron Sustain
Dev 28(1):65-86. https://doi.org/10.1051/agro:2007062

Eckert JM, Sholkovitz ER (1976) The flocculation of iron,
aluminium and humates from river water by electrolytes.
Geochim Cosmochim Acta 40(7):847-848. https://doi.org/10.
1016/0016-7037(76)90036-3

Eriksson L, Byrne T, Johansson E, Trygg J, Vikstrom C (2013)
Multi- and megavariate data analysis basic principles and
applications.Umetrics Academy. MKS Umetrics, Malmo,
Sweden. ISBN 9789197373050

Fellman JB, D’Amore DV, Hood E, Boone RD (2008) Fluorescence
characteristics and biodegradability of dissolved organic matter
in forest and wetland soils from coastal temperate watersheds
in southeast Alaska. Biogeochemistry 88(2):169—184. https://
doi.org/10.1007/s10533-008-9203-x

Folster J, Johnson RK, Futter MN, Wilander A (2014) The
Swedish monitoring of surface waters: 50 years of adaptive
monitoring. Ambio 43(Suppl 1):3-18. https://doi.org/10.1007/
$13280-014-0558-z

Gabel F, Lorenz S, Stoll S (2017) Effects of ship-induced waves
on aquatic ecosystems. Sci Total Environ 601-602:926-939.
https://doi.org/10.1016/j.scitotenv.2017.05.206

Garcia-Ruiz JM, Regiiés D, Alvera B, Lana-Renault N, Serrano-
Muela P, Nadal-Romero E, Navas A, Latron J, Marti-Bono C,
Arnaez J (2008) Flood generation and sediment transport in


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00027-007-0943-9
https://doi.org/10.1007/s00027-007-0943-9
https://doi.org/10.1002/2014JG002722
https://doi.org/10.1016/j.chemosphere.2006.11.024
https://doi.org/10.1016/j.chemosphere.2006.11.024
https://doi.org/10.1016/j.geomorph.2006.12.027
https://doi.org/10.1016/j.geomorph.2006.12.027
https://doi.org/10.1021/acs.est.7b04717
https://doi.org/10.1021/acs.est.7b04717
https://doi.org/10.1126/science.1196808
https://doi.org/10.1126/science.1196808
https://doi.org/10.1038/ngeo2720
https://doi.org/10.1038/ngeo2720
https://doi.org/10.1016/S0045-6535(02)00616-1
https://doi.org/10.1038/348432a0
https://doi.org/10.1038/348432a0
https://doi.org/10.1007/s10021-006-9013-8
https://doi.org/10.1021/es0506962
https://doi.org/10.1021/es0506962
https://doi.org/10.5194/bg-12-6669-2015
https://doi.org/10.5194/bg-12-6669-2015
https://doi.org/10.1029/2005JG000043
https://doi.org/10.1016/0927-7757(94)02855-9
https://doi.org/10.1016/j.orggeochem.2017.05.002
https://doi.org/10.1016/j.orggeochem.2017.05.002
https://doi.org/10.1002/lol2.10055
https://doi.org/10.1002/lol2.10055
https://doi.org/10.1051/agro:2007062
https://doi.org/10.1016/0016-7037(76)90036-3
https://doi.org/10.1016/0016-7037(76)90036-3
https://doi.org/10.1007/s10533-008-9203-x
https://doi.org/10.1007/s10533-008-9203-x
https://doi.org/10.1007/s13280-014-0558-z
https://doi.org/10.1007/s13280-014-0558-z
https://doi.org/10.1016/j.scitotenv.2017.05.206

Seasonally variable interactions between dissolved organic matter and mineral particles...

Page 150f 16 2

experimental catchments affected by land use changes in the
central Pyrenees. J Hydrol 356(1):245-260

Glendell M, Brazier RE (2014) Accelerated export of sediment and
carbon from a landscape under intensive agriculture. Sci Total
Environ 476-477:643—-656. https://doi.org/10.1016/j.scitotenv.
2014.01.057

Groeneveld M, Cataldn N, Attermeyer K, Hawkes J, Einarsdottir
K, Kothawala D, Bergquist J, Tranvik L (2020) Selective
adsorption of terrestrial dissolved organic matter to inorganic
surfaces along a boreal inland water continuum. J Geophys Res
Biogeosci. https://doi.org/10.1029/2019JG005236

Gyssels G, Poesen J, Bochet E, Li Y (2005) Impact of plant roots on
the resistance of soils to erosion by water: A review. Prog Phys
Geogr Earth Environ 29(2):189-217. https://doi.org/10.1191/
0309133305pp443ra

Haddadchi A, Hicks M (2020) Understanding the effect of catchment
characteristics on suspended sediment dynamics during flood
events. Hydrol Process 34(7):1558—1574. https://doi.org/10.
1002/hyp.13682

Halliday SJ, Wade AJ, Skeffington RA, Neal C, Reynolds B, Rowland
P, Neal M, Norris D (2012) An analysis of long-term trends,
seasonality and short-term dynamics in water quality data
from Plynlimon, Wales. Clim Change Macronutr Cycl along
the Atmos Terr Freshw Estuar Contin Spec Issue Dedic Profr
Colin Neal 434:186-200. https://doi.org/10.1016/j.scitotenv.
2011.10.052

Hansen AM, Kraus TEC, Pellerin BA, Fleck JA, Downing BD,
Bergamaschi BA (2016) Optical properties of dissolved organic
matter (DOM): effects of biological and photolytic degradation.
Limnol Oceanogr 61(3):1015-1032. https://doi.org/10.1002/Ino.
10270

Hay WW (1998) Detrital sediment fluxes from continents to oceans.
Chem Geol 145(3):287-323. https://doi.org/10.1016/S0009-
2541(97)00149-6

Hedges JI, Keil RG (1999) Organic geochemical perspectives on
estuarine processes: Sorption reactions and consequences. Mar
Chem 65(1):55-65. https://doi.org/10.1016/S0304-4203(99)
00010-9

Helms JR, Stubbins A, Ritchie JD, Minor EC, Kieber DJ, Mopper K
(2008) Absorption spectral slopes and slope ratios as indicators
of molecular weight, source, and photobleaching of chromophoric
dissolved organic matter. Limnol Oceanogr 53(3):955-969.
https://doi.org/10.4319/10.2008.53.3.0955

Her N, Amy G, McKnight D, Sohn J, Yoon Y (2003) Characterization
of DOM as a function of MW by fluorescence EEM and HPLC-
SEC using UVA, DOC, and fluorescence detection. Water Res
37(17):4295-4303. https://doi.org/10.1016/S0043-1354(03)
00317-8

Hope D, Billett MF, Cresser MS (1994) A review of the export of
carbon in river water: Fluxes and processes. Environ Pollut
84(3):301-324. https://doi.org/10.1016/0269-7491(94)90142-2

Hosterman J W, Flanagan F J, Bragg A, Doughten M W, Filby R H,
Grimm C, Mee J S, Potts P J, Rogers N W (1987). Mineralogy
and instrumental neutron activation analysis of seven
National Bureau of Standards and three Instituto de Pesquisas
Tecnologicas clay reference samples (USGS Numbered Series
No. 957; Circular). U.S. Geological Survey,. http://pubs.er.usgs.
gov/publication/cir957

Hutchins RHS, Aukes P, Schiff SL, Dittmar T, Prairie YT, Giorgio
PA (2017) The optical, chemical, and molecular dissolved
organic matter succession along a boreal soil-stream-river
continuum. J Geophys Res Biogeosci 122(11):2892-2908.
https://doi.org/10.1002/2017JG004094

Jaffrain J, Gérard F, Meyer M, Ranger J (2007) Assessing the quality
of dissolved organic matter in forest soils using ultraviolet

absorption spectrophotometry. Soil Sci Soc Am J 71(6):1851—
1858. https://doi.org/10.2136/ss52j2006.0202

Kaiser K (2003) Sorption of natural organic matter fractions to
goethite (a-FeOOH): effect of chemical composition as revealed
by liquid-state 13C NMR and wet-chemical analysis. Org
Geochem 34(11):1569-1579. https://doi.org/10.1016/S0146-
6380(03)00120-7

Kaiser K, Guggenberger G, Zech W (1996) Sorption of DOM and
DOM fractions to forest soils. Geoderma 74:281-303. https://
doi.org/10.1016/S0016-7061(96)00071-7

Kalbitz K, Schmerwitz J, Schwesig D, Matzner E (2003)
Biodegradation of soil-derived dissolved organic matter as
related to its properties. Geoderma 113(3-4):273-291. https://
doi.org/10.1016/S0016-7061(02)00365-8

Kalbitz K, Schwesig D, Rethemeyer J, Matzner E (2005)
Stabilization of dissolved organic matter by sorption to the
mineral soil. Soil Biol Biochem 37(7):1319-1331. https://doi.
org/10.1016/j.s0ilbio.2004.11.028

Keil RG, Montlugon DB, Prahl FG, Hedges JI (1994) Sorptive
preservation of labile organic matter in marine sediments.
Nature 370(6490):549-552. https://doi.org/10.1038/370549a0

Kellerman AM, Kothawala DN, Dittmar T, Tranvik LJ (2015)
Persistence of dissolved organic matter in lakes related to its
molecular characteristics. Nat Geosci 8(6):454—457. https://doi.
org/10.1038/nge02440

Kokelj SV, Lacelle D, Lantz TC, Tunnicliffe J, Malone L, Clark
ID, Chin KS (2013) Thawing of massive ground ice in mega
slumps drives increases in stream sediment and solute flux
across a range of watershed scales. J] Geophys Res Earth Surf
118(2):681-692. https://doi.org/10.1002/jgrf.20063

Kothawala DN, Roehm C, Blodau C, Moore TR (2012) Selective
adsorption of dissolved organic matter to mineral soils.
Geoderma 189-190:334-342. https://doi.org/10.1016/j.geode
rma.2012.07.001

Kothawala DN, Murphy KR, Stedmon CA, Weyhenmeyer GA,
Tranvik LJ (2013) Inner filter correction of dissolved organic
matter fluorescence: correction of inner filter effects. Limnol
Oceanogr Methods 11(12):616-630. https://doi.org/10.4319/
lom.2013.11.616

Kothawala DN, Stedmon CA, Miiller RA, Weyhenmeyer GA, Kohler
SJ, Tranvik LJ (2014) Controls of dissolved organic matter
quality: evidence from a large-scale boreal lake survey. Glob
Change Biol 20(4):1101-1114. https://doi.org/10.1111/gcb.
12488

Kraus TEC, Dahlgren RA, Zasoski RJ (2003) Tannins in nutrient
dynamics of forest ecosystems—a review. Plant Soil 256(1):41-
66. https://doi.org/10.1023/A:1026206511084

Lafreniere MJ, Lamoureux SF (2019) Effects of changing permafrost
conditions on hydrological processes and fluvial fluxes. Earth Sci
Rev 191:212-223. https://doi.org/10.1016/j.earscirev.2019.02.018

Laudon H, Kohler S, Buffam I (2004) Seasonal TOC export from seven
boreal catchments in northern Sweden. Aquat Sci 66(2):223-230.
https://doi.org/10.1007/s00027-004-0700-2

Lawaetz AJ, Stedmon CA (2009) Fluorescence intensity calibration
using the Raman scatter peak of water. Appl Spectrosc 63(8):936—
940. https://doi.org/10.1366/000370209788964548

Ledesma JLJ, Grabs T, Futter MN, Bishop KH, Laudon H, Kohler
SJ (2013) Riparian zone control on base cation concentration in
boreal streams. Biogeosciences 10(6):3849-3868. https://doi.org/
10.5194/bg-10-3849-2013

McKnight DM, Hornberger GM, Bencala KE, Boyer EW (2002)
In-stream sorption of fulvic acid in an acidic stream: a stream-
scale transport experiment. Water Resour Res 38(1):6-1-6-12.
https://doi.org/10.1029/2001 WR000269

@ Springer


https://doi.org/10.1016/j.scitotenv.2014.01.057
https://doi.org/10.1016/j.scitotenv.2014.01.057
https://doi.org/10.1029/2019JG005236
https://doi.org/10.1191/0309133305pp443ra
https://doi.org/10.1191/0309133305pp443ra
https://doi.org/10.1002/hyp.13682
https://doi.org/10.1002/hyp.13682
https://doi.org/10.1016/j.scitotenv.2011.10.052
https://doi.org/10.1016/j.scitotenv.2011.10.052
https://doi.org/10.1002/lno.10270
https://doi.org/10.1002/lno.10270
https://doi.org/10.1016/S0009-2541(97)00149-6
https://doi.org/10.1016/S0009-2541(97)00149-6
https://doi.org/10.1016/S0304-4203(99)00010-9
https://doi.org/10.1016/S0304-4203(99)00010-9
https://doi.org/10.4319/lo.2008.53.3.0955
https://doi.org/10.1016/S0043-1354(03)00317-8
https://doi.org/10.1016/S0043-1354(03)00317-8
https://doi.org/10.1016/0269-7491(94)90142-2
http://pubs.er.usgs.gov/publication/cir957
http://pubs.er.usgs.gov/publication/cir957
https://doi.org/10.1002/2017JG004094
https://doi.org/10.2136/sssaj2006.0202
https://doi.org/10.1016/S0146-6380(03)00120-7
https://doi.org/10.1016/S0146-6380(03)00120-7
https://doi.org/10.1016/S0016-7061(96)00071-7
https://doi.org/10.1016/S0016-7061(96)00071-7
https://doi.org/10.1016/S0016-7061(02)00365-8
https://doi.org/10.1016/S0016-7061(02)00365-8
https://doi.org/10.1016/j.soilbio.2004.11.028
https://doi.org/10.1016/j.soilbio.2004.11.028
https://doi.org/10.1038/370549a0
https://doi.org/10.1038/ngeo2440
https://doi.org/10.1038/ngeo2440
https://doi.org/10.1002/jgrf.20063
https://doi.org/10.1016/j.geoderma.2012.07.001
https://doi.org/10.1016/j.geoderma.2012.07.001
https://doi.org/10.4319/lom.2013.11.616
https://doi.org/10.4319/lom.2013.11.616
https://doi.org/10.1111/gcb.12488
https://doi.org/10.1111/gcb.12488
https://doi.org/10.1023/A:1026206511084
https://doi.org/10.1016/j.earscirev.2019.02.018
https://doi.org/10.1007/s00027-004-0700-2
https://doi.org/10.1366/000370209788964548
https://doi.org/10.5194/bg-10-3849-2013
https://doi.org/10.5194/bg-10-3849-2013
https://doi.org/10.1029/2001WR000269

2 Page 16 of 16

M. Groeneveld et al.

Miljodata-MVM [2020]. Sveriges lantbruksuniversitet (SLU).
Dataviardskap sjoar och vattendrag, samt Datavdrdskap
jordbruksmark, http://miljodata.slu.se/mvm/ [2020-07-07].

Moller H (1993) Beskrivning till jordsartskartan Uppsala NV /
Description to the quaternary map Uppsala NV (SGU Serie Ae
113). Sveriges Geologiska Undersokning, Uppsala, Sweden. ISBN
91-7158-528-1

Molot LA, Dillon PJ (1997) Photolytic regulation of dissolved organic
carbon in northern lakes. Global Biogeochem Cycles 11(3):357-
365. https://doi.org/10.1029/97GB01198

Mostovaya A, Koehler B, Guillemette F, Brunberg A-K, Tranvik LJ
(2016) Effects of compositional changes on reactivity continuum
and decomposition kinetics of lake dissolved organic matter. J
Geophys Res Biogeosci 121(7):1733-1746. https://doi.org/10.
1002/2016JG003359

Murphy KR, Butler KD, Spencer RGM, Stedmon CA, Boehme JR,
Aiken GR (2010) Measurement of dissolved organic matter
fluorescence in aquatic environments: an interlaboratory
comparison. Environ Sci Technol 44(24):9405-9412. https://doi.
org/10.1021/es102362t

Nieuwenhuize J, Maas YEM, Middelburg JJ (1994) Rapid analysis of
organic carbon and nitrogen in particulate materials. Mar Chem
45(3):217-224. https://doi.org/10.1016/0304-4203(94)90005-1

Nimptsch J, Woelfl S, Kronvang B, Giesecke R, Gonzélez HE, Caputo
L, Gelbrecht J, von Tuempling W, Graeber D (2014) Does filter
type and pore size influence spectroscopic analysis of freshwater
chromophoric DOM composition? Limnologica 48:57-64. https://
doi.org/10.1016/j.1imno.2014.06.003

Ohno T (2002) Fluorescence inner-filtering correction for determining
the humification index of dissolved organic matter. Environ Sci
Technol 36(4):742-746. https://doi.org/10.1021/es0155276

Parlanti E, Worz K, Geoffroy L, Lamotte M (2000) Dissolved organic
matter fluorescence spectroscopy as a tool to estimate biological
activity in a coastal zone submitted to anthropogenic inputs. Org
Geochem 31(12):1765-1781. https://doi.org/10.1016/S0146-
6380(00)00124-8

Peuravuori J, Pihlaja K (1997) Molecular size distribution and
spectroscopic properties of aquatic humic substances. Anal Chim
Acta 337(2):133-149. https://doi.org/10.1016/S0003-2670(96)
00412-6

Preston MR, Riley JP (1982) The interactions of humic compounds
with electrolytes and three clay minerals under simulated estuarine
conditions. Estuar Coast Shelf Sci 14(5):567-576. https://doi.org/
10.1016/S0302-3524(82)80078-9

Raymond PA, Saiers JE (2010) Event controlled DOC export from
forested watersheds. Biogeochemistry 100:197-209

Reader HE, Stedmon CA, Kritzberg ES (2014) Seasonal contribution
of terrestrial organic matter and biological oxygen demand
to the Baltic Sea from three contrasting river catchments.
Biogeosciences 11(12):3409-3419. https://doi.org/10.5194/
bg-11-3409-2014

Regnier P, Friedlingstein P, Ciais P, Mackenzie FT, Gruber N, Janssens
IA, Laruelle GG, Lauerwald R, Luyssaert S, Andersson AJ, Arndt
S, Arnosti C, Borges AV, Dale AW, Gallego-Sala A, Goddéris
Y, Goossens N, Hartmann J, Heinze C, Thullner M (2013)
Anthropogenic perturbation of the carbon fluxes from land to
ocean. Nat Geosci 6(8):597-607. https://doi.org/10.1038/ngeo1
830

Schuster PF, Shanley JB, Marvin-Dipasquale M, Reddy MM, Aiken
GR, Roth DA, Taylor HE, Krabbenhoft DP, DeWild JF (2008)

@ Springer

Mercury and organic carbon dynamics during runoff episodes
from a Northeastern USA Watershed. Water Air Soil Pollut
187(1):89-108. https://doi.org/10.1007/s11270-007-9500-3

Senesi N (1990) Molecular and quantitative aspects of the chemistry
of fulvic acid and its interactions with metal ions and organic
chemicals: part II. The fluorescence spectroscopy approach. Anal
Chim Acta 232:77-106. https://doi.org/10.1016/S0003-2670(00)
81226-X

Stubbins A, Lapierre J-F, Berggren M, Prairie YT, Dittmar T, del
Giorgio PA (2014) What’s in an EEM? Molecular signatures
associated with dissolved organic fluorescence in boreal Canada.
Environ Sci Technol 48(18):10598-10606. https://doi.org/10.
1021/es502086e

Suess E (1973) Interaction of organic compounds with calcium
carbonate-II. Organo-carbonate association in recent sediments.
Geochim Cosmochim Acta 37:2435-2447. https://doi.org/10.
1016/0016-7037(73)90290-1

Tipping E (1981) The adsorption of aquatic humic substances by iron
oxides. Geochim Cosmochim Acta 45:191-199. https://doi.org/
10.1016/0016-7037(81)90162-9

Tranvik LJ, Downing JA, Cotner JB, Loiselle SA, Striegl RG, Ballatore
TJ, Dillon P, Finlay K, Fortino K, Knoll LB et al (2009) Lakes
and reservoirs as regulators of carbon cycling and climate. Limnol
Oceanogr 54:2298-2314. https://doi.org/10.4319/10.2009.54.6_
part_2.2298

van Gaelen N, Verheyen D, Ronchi B, Struyf E, Govers G,
Vanderborght J, Diels J (2014) Identifying the transport pathways
of dissolved organic carbon in contrasting catchments. Vadose
Zone J. https://doi.org/10.2136/vzj2013.11.0199

von Wachenfeldt E, Tranvik LJ (2008) Sedimentation in Boreal Lakes-
the role of flocculation of allochthonous dissolved organic matter
in the water column. Ecosystems 11(5):803-814. https://doi.org/
10.1007/s10021-008-9162-z

Wallin MB, Weyhenmeyer GA, Bastviken D, Chmiel HE, Peter
S, Sobek S, Klemedtsson L (2015) Temporal control on
concentration, character, and export of dissolved organic carbon
in two hemiboreal headwater streams draining contrasting
catchments: TEMPORAL CONTROL ON STREAM DOC. J
Geophys Res Biogeosci 120(5):832-846. https://doi.org/10.1002/
2014JG002814

Walling DE, Fang D (2003) Recent trends in the suspended sediment
loads of the world’s rivers. Global Planet Change 39(1):111-126.
https://doi.org/10.1016/S0921-8181(03)00020-1

Weishaar JL, Aiken GR, Bergamaschi BA, Fram MS, Fujii R, Mopper
K (2003) Evaluation of specific ultraviolet absorbance as an
indicator of the chemical composition and reactivity of dissolved
organic carbon. Environ Sci Technol 37(20):4702—-4708

Zsolnay A, Baigar E, Jimenez M, Steinweg B, Saccomandi F (1999)
Differentiating with fluorescence spectroscopy the sources of
dissolved organic matter in soils subjected to drying. Chemosphere
38(1):45-50. https://doi.org/10.1016/S0045-6535(98)00166-0

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


http://miljodata.slu.se/mvm/
https://doi.org/10.1029/97GB01198
https://doi.org/10.1002/2016JG003359
https://doi.org/10.1002/2016JG003359
https://doi.org/10.1021/es102362t
https://doi.org/10.1021/es102362t
https://doi.org/10.1016/0304-4203(94)90005-1
https://doi.org/10.1016/j.limno.2014.06.003
https://doi.org/10.1016/j.limno.2014.06.003
https://doi.org/10.1021/es0155276
https://doi.org/10.1016/S0146-6380(00)00124-8
https://doi.org/10.1016/S0146-6380(00)00124-8
https://doi.org/10.1016/S0003-2670(96)00412-6
https://doi.org/10.1016/S0003-2670(96)00412-6
https://doi.org/10.1016/S0302-3524(82)80078-9
https://doi.org/10.1016/S0302-3524(82)80078-9
https://doi.org/10.5194/bg-11-3409-2014
https://doi.org/10.5194/bg-11-3409-2014
https://doi.org/10.1038/ngeo1830
https://doi.org/10.1038/ngeo1830
https://doi.org/10.1007/s11270-007-9500-3
https://doi.org/10.1016/S0003-2670(00)81226-X
https://doi.org/10.1016/S0003-2670(00)81226-X
https://doi.org/10.1021/es502086e
https://doi.org/10.1021/es502086e
https://doi.org/10.1016/0016-7037(73)90290-1
https://doi.org/10.1016/0016-7037(73)90290-1
https://doi.org/10.1016/0016-7037(81)90162-9
https://doi.org/10.1016/0016-7037(81)90162-9
https://doi.org/10.4319/lo.2009.54.6_part_2.2298
https://doi.org/10.4319/lo.2009.54.6_part_2.2298
https://doi.org/10.2136/vzj2013.11.0199
https://doi.org/10.1007/s10021-008-9162-z
https://doi.org/10.1007/s10021-008-9162-z
https://doi.org/10.1002/2014JG002814
https://doi.org/10.1002/2014JG002814
https://doi.org/10.1016/S0921-8181(03)00020-1
https://doi.org/10.1016/S0045-6535(98)00166-0

	Seasonally variable interactions between dissolved organic matter and mineral particles in an agricultural river
	Abstract
	Introduction
	Methods
	Site description
	Sampling and storage
	Hydrology and meteorology
	Adsorption experiments
	Biodegradation experiment
	Water chemistry analyses
	Absorbance and fluorescence spectrometry
	Data analyses

	Results and discussion
	Seasonal variation
	Seasonal variation in DOC and discharge
	Seasonal patterns in DOM composition

	Adsorption to clay particles
	Terrestrial DOM is more susceptible to adsorption
	Water chemistry affects DOM adsorption
	Ca2+ and specific UV absorbance predict adsorption to clay particles
	Adsorption affects DOM bioavailability


	Conclusions
	Acknowledgements 
	References




