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Abstract. A substantial body of knowledge concerning the functioning of catchments has been derived from
the observation and quantification of solute and suspended matter fluxes in rivers. The Wüstebach catchment
is a hydrological observatory that is part of the German TERENO (Terrestrial Environmental Observatories)
network. In 2013, the Eifel National Park undertook a partial deforestation of the spruce forest with the objective
of facilitating the regrowth of a natural forest. This data paper presents 16 years of estimated hourly stream-water
flux data of nine continuously monitored macro- and micronutrients, as well as dissolved ionic aluminum and
dissolved organic carbon (DOC), along with the measured solute concentrations and discharge rates observed in
the Wüstebach catchment (from 2010 to 2024).

To estimate hourly stream-water fluxes from weekly manual grab samples and event autosampler data, we
employed the R software package LOADFLEX, which implements a number of solute prediction methods, in-
cluding regressions, interpolations, the period-weighted approach, and the more recently developed composite
method. A comparison of the predicted nitrate concentrations with hourly nitrate reference data was conducted
to assess the optimal prediction approach for the Wüstebach catchment. The analysis showed that the compos-
ite model is best suited to calculate the nitrate fluxes. Accordingly, this model was selected to calculate the
fluxes of all considered macro- and micronutrients, dissolved aluminum and DOC. Flux data were compiled
in the same way for a neighboring reference catchment with similar characteristics but without clear-cutting,
in order to identify the effects of deforestation and afforestation on the cycling and transport of nutrients. We
anticipate that this comprehensive data set will facilitate new insights into the influence of deforestation and
afforestation on solute fluxes at the catchment scale. The dataset, entitled “Wüstebach data paper: Long-term
hourly solute flux data 2010–2024”, is shared via Forschungszentrum Jülich: https://doi.org/10.26165/JUELICH-
DATA/AKAMNQ (Bogena and Herrmann, 2025).

1 Introduction

Stream discharge and dissolved concentrations of anions,
cations and DOC determine how much solute mass is ex-
ported from catchments (Wang et al., 2024). In recent
decades, a substantial body of research has been conducted
to examine the impact of deforestation and extensive forest
die-off on solute transport at the catchment scale, e.g. Keller,
1970; Feller, 2005; Mikkelson et al., 2013; Georgiev et al.,

2021; Vilhar et al., 2022; Rajwa-Kuligiewicz and Bojarczuk,
2024. There is evidence that forest dieback is increasing due
to climate change (Deuffic et al., 2020). For instance, fol-
lowing the successive 2018–2019 hot droughts, an extensive
mortality event was observed in forests in Germany (Obladen
et al., 2021; Xu et al., 2025), with serious consequences for
the water quality of rivers (Musolff et al., 2024), reservoirs
(Kong et al., 2022), and groundwater (Winter et al., 2025).
Long-term data before and after forest clear-cut, in combina-
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tion with water quality models, improve research into the ef-
fects of forest dieback and the subsequent recovery of forests
(Chen et al., 2024; Musolff et al., 2024).

Nevertheless, there is still a notable lack of comprehensive
long-term data sets of stream-water fluxes with high tempo-
ral resolution covering all important anions and cations and
accompanying studies of the effects of forest dieback and
clear-cut on the water and nutrient balance in a holistic ap-
proach (Mollenhauer et al., 2018). To address this research
gap, a deforestation experiment was conducted in 2013 in
the Wüstebach catchment (Bogena et al., 2015) as part of the
German TERENO (Terrestrial Environmental Observatories)
initiative (Zacharias et al., 2011, 2024) to investigate the so-
lute flux response to the clear-cutting operation

Solute flux estimates are an indispensable element
of whole-catchment manipulation experiments for many
decades (e.g. Likens et al., 1970). The total solute flux for
given period, 8T , is the convolution of solute concentra-
tion C and discharge Q over time t (Aulenbach and Hooper,
2006):

8T =

∫
C (t)Q (t) dt (1)

Solving Eq. (1) requires continuous measurements of solute
concentrations and discharge. While continuous discharge
data (e.g. at 10 min resolution) is often available, solute con-
centrations are typically measured on a weekly or event ba-
sis as was the case in this study. A plethora of methods have
been proposed to determine 8T from discontinuous data in-
cluding straightforward period-weighted means and linear
and nonlinear statistical models (Birgand et al., 2010; Cox
et al., 2008; Preston et al., 1989; Worrall et al., 2013). These
methods are employed for the purpose of interpolating the
actually measured solute concentrations to a higher temporal
resolution (e.g. hourly). More sophisticated flux calculation
methodologies have been incorporated into software applica-
tions, including FLUX (Walker, 1996), LOADEST (Runkel
et al., 2004), and EGRET (Hirsch and De Cicco, 2015). The
most comprehensive solute flux calculation software pack-
age to date is LOADFLEX (Appling et al., 2015), which in-
cludes several estimation models and an algorithm for es-
timating the prediction uncertainty. LOADFLEX has been
used already for solute flux calculations in several studies,
e.g. Brunet et al., 2021; Coble et al., 2018; Harley et al.,
2023; McDowell et al., 2019.

In this data paper, we provide 16 years of hourly data on
the fluxes of nine regularly monitored macro- and micronu-
trients, as well as dissolved ionic aluminum and DOC, in the
Wüstebach catchment. This work also updates and expands
on earlier solute flux calculations in the Wüstebach that were
based only on simple weekly averages (Płaczkowska et al.,
2022). To determine the most appropriate method for deter-
mining continuous solute concentrations, four well-known
methods (i.e. rectangular interpolation, two regression mod-
els and a composite model) were applied to the example of

nitrate and compared with high-resolution nitrate measure-
ments taken in the Wüstebach stream over a period of two
years. We also compared the results of the DOC flux predic-
tions using the four methods. Finally, the composite model
was used to determine all solute fluxes for the Wüstebach
catchment and a neighboring reference catchment that was
not affected by the clear-cutting.

The presented high-resolution flux data are of great im-
portance as they reflect the effects of clear-cutting measures
as well as climate change on the biogeochemical cycles
in river catchments. Furthermore, these long-term data can
also be interpreted in the context of the environmental ob-
servation data available within TERENO (e.g. land-surface-
atmosphere exchange fluxes, soil water storage and chem-
istry, as well as vegetation properties).

2 Site description and previous work

The experimental Wüstebach headwater catchment (39 ha;
WU14, Fig. 1) belongs to the Lower Rhine/Eifel Observa-
tory of the TERENO network (Bogena et al., 2018; Zacharias
et al., 2024) and is located in the Eifel National Park
(50°30′16′′ N, 06°20′00′′ E). The area is predominantly cov-
ered by Norway spruce (Picea abis L.), with altitudes rang-
ing from 595 to 628 m a.s.l. and an average slope of 3.6 %.
The region belongs to the temperate oceanic climate (Cfb)
according to the Köppen climate classification system, with
an average annual temperature of approx. 7 °C and an av-
erage annual precipitation and runoff of approx. 1200 and
700 mm, respectively (Graf et al., 2014). The subsoil is com-
posed of Devonian slate, which is overlayed by a periglacial
solifluction layer with a maximum depth of 2 m. Cambisols
and Planosols are typically found at groundwater distant
sites, whereas Gleysols and Histosols have developed as a
result of groundwater influence in the riparian zone of the
valley (Fig. 1).

A smaller tributary catchment with similar characteristics
serves as an undisturbed reference catchment for the clear-
cut experiment (WU17, Fig. 1). The similarity, which is im-
portant to investigate the impact of deforestation on the hy-
drological system, was confirmed by comparing the runoff
dynamics of both catchments before deforestation over a pe-
riod of more than three years (Wiekenkamp et al., 2016a).

Between 2004 and 2024, a series of forest management
measures were carried out in the catchment areas of the
Wüstebach and reference streams to promote more near-
natural and resilient forest stands (Table A1). Underplanting
was applied repeatedly, with young beech trees planted be-
neath existing spruce canopies in multiple years across var-
ious parts of the catchments (Fig. A1). This approach sup-
ported natural regeneration and enhanced species diversity.
Thinning was another frequently used measure, involving the
selective removal of trees to reduce stand density and im-
prove growth conditions for the remaining trees, with treated
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Figure 1. Map showing the main soil types of the Wüstebach and reference catchments and the deforestation area. The contour lines and the
locations of the climate station WU_K_2 and the discharge stations WU10, WU14 and WU17 are also shown (geographical coordinates of
the stations are given in Table A2).

areas ranging from 5.25 to 12.2 ha. In addition, selective san-
itation felling was performed in 2007 and 2020 to remove
beetle-infested spruces and prevent further pest spread.

In 2013, a larger area was entirely cleared through clear-
cutting, allowing for the regrowth of near-natural vegetation
in the riparian zone. Within the clear-cut area, a fenced en-
closure covering 1.98 ha was established in 2014 to protect
young sycamore maple plantations from wildlife browsing
(Fig. A1). Additionally, the removal of natural regeneration
was carried out in 2013, 2016, and 2024 to eliminate un-
wanted spruce seedlings that could interfere with the estab-
lishment of near-natural vegetation.

By comparing the water balance components of the
Wüstebach catchment (WU14) and the reference catchment
(WU17) for the hydrological year 2012, which predates the
deforestation measure and therefore represents undisturbed
baseline conditions, we found that the initial assumption of
an 11.5 ha catchment area for WU17, derived from a digital
elevation model, resulted in an underestimation of runoff and
an overestimation of evapotranspiration (Table A3). After re-
evaluating the contributing area based on hydrological evi-
dence, the catchment area was corrected to 7 ha. This adjust-
ment resulted in a more consistent water balance, with evap-
otranspiration aligning well with eddy covariance measure-
ments from the ICOS station DE-RuW (Table A3), thereby
improving the accuracy of subsequent solute flux calcula-
tions on a per-unit-area basis.

Over the past two decades, the Wüstebach catchment has
been the subject of intensive research, with a particular fo-
cus on hydrological (Bogena et al., 2010; Rosenbaum et al.,
2012; Graf et al., 2014; Stockinger et al., 2014; Wiekenkamp
et al., 2016b) and biogeochemical processes (Bol et al., 2015;

Gottselig et al., 2017; Weigand et al., 2017). From August
to September 2013, 8.6 ha of the Wüstebach catchment area
were cleared in order to allow natural succession to a mixed
forest to occur (Fig. 1).

More recently, studies investigated also the effects of the
deforestation on hydrological and land surface processes in
the Wüstebach catchment (Ney et al., 2019; Wiekenkamp
et al., 2016a, 2019; Bogena et al., 2021; Wang et al., 2021;
Robinson et al., 2022; Wang et al., 2022; Heistermann et al.,
2022; Płaczkowska et al., 2022, 2024). The clear-cut measure
has had a significant impact on the hydrological system of
the Wüstebach catchment, affecting several key hydrological
processes (Wiekenkamp et al., 2019). Following the clear-
cutting, evapotranspiration was initially reduced by approx-
imately 50 % and this decline was observed to subside and
return towards pre-cut values during the first two years (Ney
et al., 2019). Wiekenkamp et al. (2016a) observed that the
reduction in evapotranspiration resulted in an increase in soil
water content within the deforested catchment area during
the initial two-year period following deforestation, particu-
larly during the summer months. Furthermore, Wiekenkamp
et al. (2019) revealed that the partial clear-cut resulted in an
increase in the occurrence of preferential flow within the de-
forested area. In consequence, this has led to an increased
frequency of high flows. Wang et al. (2022) and Robinson
et al. (2022) investigated the deforestation effects on nutrient
transport and found that following the clear-cut operation,
there was a notable increase in DOC and nitrate concentra-
tion levels in stream water. For instance, for DOC, a 60 %
increase was observed in the Wüstebach stream within the
first two years after deforestation (Wang et al., 2022). In ad-
dition, Robinson et al. (2022) showed that stream water nutri-
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ent concentration levels increased following the clear-cutting
operation, reaching a peak approximately two to three years
later and subsequently returning to pre-deforestation levels
after approximately five years.

3 Data and methods

3.1 Precipitation and discharge measurements

Precipitation is measured at the climate station WU_K_2 lo-
cated in the clear-cut area (Fig. 1) using a weighing rain
gauge (Pluvio2, Ott Hydromet GmbH, Kempten, Germany).
Precipitation data which were not available at WU_K_2 (e.g.
before the clear-cut) but used in this work for gap-filling
came from the official climate station Kalterherberg (Ger-
man Weather Service, DWD), which is located 8 km to the
west at 535 m a.s.l. In a previous study, it was demonstrated
that the precipitation data from climate station Kalterherberg
are representative for the Wüstebach catchment (Graf et al.,
2014).

Continuous stream discharge measurements were con-
ducted at the outlets of the Wüstebach and control streams
(WU14 and WU17) at a temporal resolution of 10 min. Data
from another Wüstebach discharge station (WU10) was used
for gap-filling. The low flow measurements are taken using
a V-notch weir, while the medium to high flow measure-
ments are taken using a Parshall flume (ecoTech Umwelt-
Messsysteme GmbH, Germany). Both weir types employ
a pressure sensor (PDL, ecoTech Umwelt-Messsysteme
GmbH, Germany) to measure water level fluctuations at ten-
minute intervals. The precision of these measurements is
±0.25 %. The water levels from the two discharge gaug-
ing weirs were converted into discharge values using well-
established stage-discharge relationships. Subsequently, the
two discharge datasets were combined based on the water
levels measured in the V-notch weir: If the water level is be-
low 5 cm, the discharge values derived from the V-notch weir
are utilized. Conversely, when the water level is above 10 cm,
the discharge values from the Parshall flume are employed.
The weighted mean of both discharge values was then cal-
culated for water levels between 5 and 10 cm (Bogena et al.,
2015).

The measured discharge time-series have several gaps for
technical reasons. Since a complete discharge record is nec-
essary for solute load calculation, the data gaps were filled
using a multi-tiered approach. First, the data gaps at WU14
were filled with the help of the data from WU10. The ratios
of the discharge values at the two discharge stations were cal-
culated for all times for which pairs of measurements were
available. These ratios vary within a characteristic range. For
periods without available discharge data at both stations, the
ratios were linearly interpolated. Using the resulting gapless
time-series of ratios as estimators, the gap-filling of the dis-
charge values was performed. In a similar way, the gaps at

WU17 were filled based on ratios to discharge values from
WU14.

Figure 2 shows the gap-filled precipitation record as well
as the gap-filled discharge hydrographs at WU14 and WU17
for the entire observation period from 2010 to 2024.

The average discharge during the 16-year record of WU14
was 9.61 L s−1 (2.16 mm d−1) and 1.47 L s−1 (1.16) mm d−1

for the record of WU17 from August 2011 to the end of
2024 (Fig. 2). The highest measured discharge was 50.57
and 28.95 mm h−1 at WU14 and WU17 in the summer of
2021 (Fig. 2), when a flood disaster occurred in western Ger-
many (Saadi et al., 2023). Typically, the largest discharges
are recorded in the winter half-year, while the summer peri-
ods are characterized by low discharge conditions, especially
at WU17 (Fig. 2).

3.2 Physicochemical parameters of water quality

Several physicochemical parameters of water quality (i.e.
electrical conductivity, pH, redox potential and tempera-
ture) are measured at a resolution of 10 min using a multi-
probe sensor (YSI 6820, YSI Inc.) at stations WU14 and
WU17. These measurements allow the detection of short-
term changes in the chemistry of stream water, e.g. after
intense precipitation events. A comparison of the statistical
distributions of the physical parameter values (see Figs. A2
and A3) illustrate that although the pH (median= 6.25 and
6.15 at WU14 and WU17, respectively) and the redox poten-
tial (median= 259 and 287 mV at WU14 and WU17, respec-
tively) show a high degree of similarity, there is a significant
difference in their electrical conductivities (median= 230
and 60 µS cm−1 at WU14 and WU17, respectively). This dif-
ference can be explained by the heavy use of deicing salts
on the road that runs south through the Wüstebach catch-
ment area (Płaczkowska et al., 2024). Furthermore, the mean
stream water temperature at WU14 (9.4 °C) is slightly higher
than at WU17 (8.5 °C), reflecting the lower shading effect
in the deforested Wüstebach catchment (Figs. A2 and A3).
However, these differences should not limit the usability of
the reference stream for the investigation of the effects of de-
forestation on matter fluxes in the Wüstebach catchment.

3.3 Solute concentrations

In order to determine the solute fluxes, both weekly sampling
data of the flowing water (grab samples) and event-based
samplings at stations WU14 and WU17 were employed.
Event-driven sampling was carried out using autosamplers
(AWS 2002, Ecotech, Germany) with an hourly sampling in-
terval to detect rapid changes in water chemistry during high
flow. Additionally, WU14 was equipped with an optical sen-
sor (TriOS proPS, Rastede, Germany) to measure variations
in nitrate concentrations at 10 min intervals (Bogena et al.,
2018). Spectral absorbance data obtained from optical sen-
sors such as the TriOS require careful calibration and quality
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Figure 2. Precipitation and discharge time series at WU14 and WU17 (top and centre panels). Nitrate concentrations from weekly grab
and event samples as well as the continuous nitrate concentrations measured with the TriOS sensor at WU14 (lower panel). The dashed line
indicates the time of clear-cutting.

control. In this study, we used only the nitrate data, as the
SAK254 signal from the TriOS sensor showed a weak cor-
relation with DOC concentrations obtained from grab sam-
ples (R2

= 0.55). Outliers were first removed using minimum
and maximum nitrate thresholds of 0 and 15 mg L−1, respec-
tively, with the latter corresponding to the highest concen-
tration measured in the laboratory. The cleaned dataset was
then calibrated against nitrate concentrations from grab sam-
ples to correct for measurement offset (Fig. A4), yielding an
RMSE of 1.262 mg L−1.

For the sampling HDPE bottles were used, which were
pre-rinsed with flowing water and then completely filled to
avoid air space. All samples were filtered in the laboratory
(0.45 µm) and stored at 4°C prior to analysis. Major an-
ions (Cl−, NO3−, SO−4 , NH+4 , PO3−

4 ) and cations (Al3+,
Fetot, Ca2+, Mg2+, Na+, K+) were measured using ion chro-
matography and inductively coupled plasma–optical emis-
sion spectrometry (ICP-OES), respectively. The DOC con-
centration was determined as non-purgeable organic carbon
(Shimadzu TOC-VCPN). Given that the concentrations of
NH+4 and PO3−

4 were typically near or below the detection
limit (0.06 and 0.08 mg L−1), they were excluded from the
data analysis.

Figure 3 presents solute concentration boxplots of the most
important macro- and micronutrients, as well as dissolved
aluminum and DOC, determined from the weekly and event-
based stream water samples taken at WU14.

The solute concentrations in the Wüstebach stream were
mostly low (median of all solutes= 3.52 mg L−1), with Na+

showing the highest concentrations among the cations (me-
dian= 25.7 mg L−1) and Cl− as the dominant anion (me-
dian= 53.0 mg L−1). The high NaCl content and correspond-
ing high EC values (Fig. A2) are mainly caused by the
large amount of road deicing salts entering the headwa-
ter of the Wüstebach catchment (Płaczkowska et al., 2024).
In contrast, since the reference catchment is not affected
by these salt inputs (median Na+ = 2.90 mg L−1, median
Cl− = 4.94 mg L−1, Fig. A5), the median of all solute con-
centrations in the reference stream was significantly lower at
2.50 mg L−1.

Using the nitrate and DOC concentration data, we se-
lected the most appropriate method for calculating the hourly
concentrations of all the other dissolved substances consid-
ered, which are needed for the solute flux estimation (see
Sect. 3.4). In this way, the selected model should encompass
both solutes that are more associated with subsurface trans-
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Figure 3. Boxplots showing the distributions of all considered macro- and micronutrients, dissolved aluminum and DOC determined from
stream water samples taken at discharge station WU14. The box shows the median and the interquartile range, and the whiskers extend to 1.5
times the interquartile range away from the box. Information on the number of stream water samples collected before and after the clear-cut
for each solute, as well as the start and end dates of the sampling period, is provided in Table A4.

port processes (i.e. nitrate) as well as overland flow trans-
port processes (i.e. DOC). Mean nitrate concentrations in
both streams were generally low at 4.30 and 3.78 mg L−1

at WU14 and WU17, respectively. Overall, the measured
stream nitrate concentrations during the study period ranged
from 0.64 to 14.65 mg L−1 at WU14 and 0.03 to 9.51 mg L−1

at WU17 (see Figs. 3 and A5) with strong seasonal variations
(Fig. 2). In addition, at WU14 the nitrate concentration shows
a long-term downward trend from 2016 onwards (Fig. 2),
which is linked to the growth of new vegetation in the clear-
cut area, which, compared to the former spruce forest, takes
up higher amounts of nitrogen from the soil (Płaczkowska et
al., 2022).

Regarding the export of dissolved organic matter, the be-
havior of both streams was very similar: DOC concentrations
ranged at WU14 from 0.08 to 19.4 mg L−1 and at WU17
from 0.13 to 19.2 mg L−1 (see Figs. 3 and A5). DOC con-
centrations were positively related to discharge only during

the summer half year (Fig. 4). This suggests that surface
runoff after high intensity precipitation events plays a cru-
cial role in transporting DOC from soils to surface waters
(Strohmeier et al., 2013). The medium DOC concentration
at WU14 (i.e. 4.82 mg L−1) was about a quarter higher than
at WU17 (i.e. 3.63 mg L−1), which can be explained by the
clear-cut measure that induced higher DOC concentrations
over a few years after the clear-cut (Robinson et al., 2022).

In contrast to DOC, nitrate concentrations show a strong
positive trend with discharge during the winter months, while
in the summer months this relationship was weaker, espe-
cially at WU14 (Fig. 4). The non-linear correlations of DOC
and nitrate concentrations with discharge present varying
challenges for the solute concentration models, which is the
reason for choosing these two solutes for the selection of the
most appropriate method.
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Figure 4. Log–log scatter plots of DOC and nitrate versus dis-
charge measured at stations WU14 and WU17, differentiated by
summer and winter half-year. LOESS (Locally Estimated Scatter-
plot Smoothing) trend lines are shown to highlight non-linear rela-
tionships, especially for DOC during the summer half-year.

3.4 Solute flux calculation

The measured weekly grab sample-based and event
sampling-based stream solute concentrations and associated
discharge values from the discharge stations were employed
to generate models for the prediction of continuous hourly
concentrations utilizing the R package LOADFLEX (Ap-
pling et al., 2015). Furthermore, LOADFLEX was employed
to construct composite models that rectify the inherent biases
in the regression analysis through the interpolation of pre-
diction residuals and their subsequent incorporation into the
predicted values (Aulenbach and Hooper, 2006; Huntington
et al., 1994). The optimal solute concentration models were
selected by minimizing the Akaike Information Criteria val-
ues through the utilization of the intrinsic functions provided
by LOADFLEX.

Continuous solute concentration data are required to cal-
culate hourly flux data. In order to find the most appropriate
solute model for predicting continuous concentration obser-
vations, we compare the four basic types of models imple-
mented in LOADFLEX (i.e. interpolation models, simple lin-
ear regression models, RLOADEST regression models and
composite models). We use the nitrate concentrations mea-
sured at station WU14 as a reference example, as we also
have high-resolution nitrate data from the TriOS probe that
can be used for model validation.

The first and simplest model used in this study is the inter-
polation method, which has been used in many studies of so-
lute and sediment fluxes (e.g. Buso et al., 2000; Vanni et al.,
2001) when regression models are unsatisfactory (e.g. due to
a weak relationship between the predictor and solute obser-
vations). Here, we employ the rectangular interpolation im-

plemented in LOADFLEX, which is mathematically equiva-
lent to a period-weighted averaging method (Likens, 2013).

The second solute concentration model used in this study
is the linear regression method, which has long been an alter-
native to interpolation models for estimating substance flows,
since it requires only limited time series of solute concentra-
tions, as long as the predictor data, e.g. runoff, is available for
the entire period of interest (Preston et al., 1989; Robertson
and Roerish, 1999).

Next, we employed one of the more intricate RLOADEST
regression models (Lorenz et al., 2015; Runkel and De Ci-
cco, 2017), specifically the seven-parameter model proposed
by Cohn et al. (1992), which is also incorporated in LOAD-
FLEX:

ln(C)= β0+β1 ln
(
Q

Q̃

)
+β2

[
ln
(
Q

Q̃

)]2

+β3

(
T − T̃

)
+β4

(
T − T̃

)
+β5 sin(2πT )

+β6 cos(2πT )+ ε (2)

where C is the solute concentration, Q is the discharge, T is
time in years, and Q̃ and T̃ are centering variables for which
the average of the original variables is subtracted from each
individual value. The errors, denoted ε, are assumed to be
independent and normally distributed. The seven adjustment
parameters, βi , have to be fitted with the observation data.
The βi parameters are used to scale the influences of Q and
T , as well as annual seasonality on solute concentrations. Po-
tential biases due to the logarithmic retransformation are cir-
cumvented through an adjusted maximum likelihood estima-
tion (AMLE) algorithm (Appling et al., 2015). It should also
be noted that the RLOADEST provides in total nine differ-
ent prediction models of which the seven-parameter model is
the most complex (Kelly et al., 2018). We refer to Cohn et
al. (1992) for more information on the model derivation and
application.

Finally, we employed the composite model suggested by
Aulenbach and Hooper (2006) as a fourth method, which is
mostly used in cases where regression predictions are avail-
able but exhibit medium-range biases (Appling et al., 2015).
The composite method corrects systematic biases in solute
concentrations predicted by a regression model by adjusting
these predictions to observations with a linearly interpolated
function of the model residuals between the measurement
time steps. Thus, by making use of all the available data, it
should provide more accurate predictions at the temporal res-
olution of the predictors (Kelly et al., 2018). The composite
model can use any regression model, which in this case is the
RLOADEST regression model shown in Eq. (2). The resid-
uals (e.g. absolute differences) are then calculated from the
predictions and observations. The composite model then cor-
rects the regression model predictions by adding the residuals
to predictions or multiplying the predictions by the relative
residuals.
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Figure 5. Nitrate prediction models fitted to the measured values from weekly samples at WU14 using functions implemented in the
LOADFLEX package. Subplots show observed concentrations (black dots) and predicted concentrations (orange lines) for 2010 to 2024 for
rectangular interpolation (no3_interp), linear regression model (no3_lm), RLOADEST regression model (no3_reg2), and composite model
(no3_comp). The dashed line indicates the time of clear-cutting.

3.5 Statistical methods for model validation

To validate the model results against the TriOS-measured
nitrate concentrations, we used three well-known statistical
methods: root mean square error (RMSE), Nash-Sutcliffe ef-
ficiency (NSE), and percent bias (PBIAS), which are briefly
described here. RMSE is one of the most used error index
statistics and is defined as follows:

RMSE=

√
1
n

∑n

n=1

(
Ci − Ĉi

)2
(3)

in which Ĉi is the vector of predicted solute concentrations, n
is the number of data points and Ci is the vector of observed
concentrations.

The Nash-Sutcliffe efficiency (NSE) determines the rela-
tive magnitude of the residual variance compared to the vari-
ance of observations and is computed as follows (Nash and
Sutcliffe, 1970):

NSE= 1−


∑n
n=1

(
Ci − Ĉi

)2

∑n
n=1

(
Ci − Ĉmean

)2

 (4)

in which Ĉmean is the arithmetic mean of predicted concen-
trations.

Finally, PBIAS quantifies the mean tendency of the simu-
lated solute concentrations to exceed or fall below the obser-
vations and is calculated as follows (Gupta et al., 1999):

PBIAS=


∑n
n=1

(
Ci − Ĉi

)2
· 100∑n

n=1 (Ci)

 (5)

According to Moriasi et al. (2007), the output of a model
for the concentration of dissolved substances can be consid-
ered satisfactory if NSE exceeds 0.50 and PBIAS is within
±70 %.

We used an average quality measure, AQM, derived from
NSE, RMSE and PBIAS to select the most appropriate model
for flow calculation. AQM is defined as:

AQM=
NSE∗+RMSE∗+PBIAS∗

3
(6)

where NSE∗, RMSE∗ and PBIAS∗ indicate the standardized
metrics. Since NSE already lies between 0 and 1, NSE corre-
sponds to NSE∗ when negative values are set to 0. The stan-
dardized RMSE∗ (i.e. RMSE mapped on a scale from 0 to 1)
is calculated with:

RMSE∗ = 1−
RMSE

RMSEmax
(7)

where RMSEmax is the worst RMSE value. Correspondingly,
is PBIAS∗ calculated using:

PBIAS∗ = 1−
|PBIAS|

PBIASmax
(8)

4 Results

4.1 Comparison of different solute prediction models

The panels in Fig. 5 illustrate the nitrate prediction results
at WU14 obtained using rectangular interpolation, linear re-
gression, RLOADEST regression, and composite modelling
for the whole observation period. The corresponding results
at WU17 are presented in Fig. A6.
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In addition, Fig. 5 shows both observed nitrate concentra-
tions by the TriOS sensor and predicted nitrate concentra-
tions at WU14 for the years 2014 and 2020 to highlight the
performance differences between the various models. These
two years were chosen because the data from the TriOS sen-
sor is almost complete and because the nitrate concentrations
show significant differences. The discrepancies between the
model performances are particularly evident during the ni-
trate concentration peaks in July and December 2014, during
which the linear and RLOADEST regression models severely
underestimate nitrate concentration, whereas the other meth-
ods perform well. The performance of the linear regression
model also deteriorates from 2020 onwards, leading to sig-
nificantly excessive nitrate concentrations, particularly in the
winter months.

Since there is a general positive correlation between ni-
trate concentrations and runoff (Fig. 4), the linear regression
model always calculates increasing concentrations with in-
creasing runoff. However, there are obviously many inverted
concentration peaks in 2020 (Fig. 6), indicating dilution ef-
fects that were less pronounced in 2014 when nitrate levels
were generally higher due to clear-cutting. These observa-
tions are also reflected in the efficiency statistics (Table 1),
where in particular the linear regression model shows poor
quality indices for all variants. Overall, the rectangular in-
terpolation and the composite model showed the best perfor-
mances.

Table 2 summarizes the AQM values, which show that the
composite model provides the best model performance in
predicting nitrate concentrations for the Wüstebach for the
years 2014 and 2020.

In a next step, the annual nitrate fluxes, which were deter-
mined on the basis of the continuous nitrate concentrations
from the various solution models, were compared (Fig. 7). As
expected, the annual nitrate fluxes based on the linear model
deviate significantly from the other methods, which show a
very similar trend. In addition, the annual nitrate fluxes were
also calculated on the basis of the weekly and event-based
sampling dates (hereafter referred to only as “weekly sam-
pling”) and are also presented in Fig. 6 to see how the choice
of the solute concentration model affects the calculation of
the annual flux. In the dry year of 2018, the four models
overestimate the flux derived from weekly sampling by ap-
prox. 211 kg yr−1. Total nitrate fluxes for 2014 and 2020,
based on the continuous discharge and nitrate data from the
TriOS sensor, were 2560.1 and 1143.3 kg yr−1, respectively.
The linear model deviates the most from these values with
29.7 %, whereas the rectangular interpolation and composite
model deviate by only 2.94 % and 4.09 %, respectively.

The predicted DOC concentrations at WU14 and WU 17
are presented in Fig. A7. To assess the effects of the different
concentration models on the calculation of the DOC flux, an-
nual DOC fluxes over the entire period were also calculated
(Fig. 8).

Compared to the annual DOC flux calculated using the
composite model, the linear regression (42.1 %) and the
RLOADEST method (48.5 %) show the greatest deviations,
while the ‘weekly sampling’ variant only deviates by 6 %.
The smallest deviation in annual DOC flux occurs in relation
to rectangular interpolation methods is (−1.5 %).

4.2 Predicted solute concentrations

Figures 9 and A8 show the predicted hourly concentrations
of all considered solutes using the composite model at WU14
and WU17, respectively.

The solute concentrations at WU14 and WU17 exhibit
sub-daily and seasonal variations of varying intensity, which
are obviously very well reproduced by the composite model.
However, it should be noted that the model produces a few
concentration peaks for Al3+, Ca2+, NO−3 and DOC, which
are not supported by the observations.

The annual average concentrations of the solutes consid-
ered show varying long-term trends (Fig. A9a). For exam-
ple, in the Wüstebach stream (WU14), the concentrations
of Mg2+ and NO−3 show significant decreasing trends dur-
ing the complete observation period, while DOC and Fe2+

show significant increasing trends at a significance level of
0.05 (Table A5). Interestingly, the reference stream (WU17)
shows similar trends for most solutes, indicating that the de-
forestation in the Wüstebach catchment is not the primary
cause of these trends (Fig. A9b, Table A5). For example,
the decreasing trend in nitrate concentration is presumably
related to the underplanting of beeches throughout the en-
tire spruce stand, which absorb additional nitrogen from the
soil. The background to the underplanting is that the en-
tire spruce stand will be cleared by the mid-2030s, allow-
ing a near-natural mixed beech forest to develop. It should
be noted that nitrate export patterns at long-term scales (an-
alyzed using low-frequency data) and at event scales (ana-
lyzed using high-frequency data) can differ substantially, as
different mechanisms dominate at different temporal scales
(Winter et al., 2024).

An interesting anomaly is that in the Wüstebach the Fe2+

concentrations in 2024 were significantly higher than in pre-
vious years (average Fe2+ concentration for 2010–2023 was
0.15 mg L−1 and for 2024 it was 0.57 mg L−1, an increase of
283 %). One hypothesis for the high iron concentrations in
the Wüstebach stream is that they are related to the anoma-
lous redox conditions in the soils of the riparian zone (Tit-
tel et al., 2022). In support of this thesis the alluvial soils in
the riparian zone of the Wüstebach catchment (corresponds
to the blue colors in Fig. 1) were saturated for longer peri-
ods than usual due to the wetter conditions in the last two
years (i.e. the mean annual precipitation for 2010–2022 was
1141 mm and for 2023–2024 it was 1488 mm). Under wa-
terlogged conditions, oxygen availability decreases, creating
an anaerobic environment that promotes microbial reduction
of ferric (Fe3+) oxides to soluble ferrous (Fe2+) iron (Ek-
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Figure 6. Predicted nitrate concentrations at WU14 using the four prediction models and the high-resolution nitrate concentrations measured
with the TriOS sensor for the years 2014 (upper panel) and 2020 (lower panel). Subplots show observed concentrations (green dots) and
predicted concentrations (orange lines) for rectangular interpolation (no3_interp), linear regression model (no3_lm), RLOADEST regression
model (no3_reg2), and composite model (no3_comp).

Table 1. Summary statistics of the model validation using the hourly nitrate concentration measured with the TriOS probe for the years 2014
and 2020. Bold values indicate the highest quality, and italic values indicate the lowest.

Prediction Year RMSE NSE PBIAS
model (mg L−1)

Rectangular interpolation

2014

1.18 0.34 9.84
Linear regression 1.79 -0.52 28.68
RLOADEST (7 parameter) 1.77 −0.48 21.94
Composite model 1.11 0.42 10.32

Rectangular interpolation

2020

0.40 0.75 3.11
Linear regression 0.86 -0.29 -24.02
RLOADEST (7 parameter) 0.36 0.78 −3.64
Composite model 0.38 0.77 2.8
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Table 2. Average quality measures (AQM) for four solute predic-
tion models in predicting nitrate concentrations in the Wüstebach
stream for 2014 and 2020. Green fields indicate the highest quality,
while red fields indicate the lowest quality. Values in bold indicate
the highest quality, while values in italics indicate the lowest qual-
ity.

Prediction model AQM

Rectangular interpolation 0.62
Linear regression 0.13
RLOADEST (7 parameter) 0.50
Composite model 0.65

Figure 7. Predictions of the annual nitrate fluxes at WU14 using
different solute models, weekly sampling data, as well as hourly
nitrate concentration measurements with the TriOS-sensor for 2014
and 2020.

ström et al., 2016). If this occurs in hydraulically connected
soils, Fe2+ is transported into the stream. This hypothesis is
also supported by the exceptionally high Mn2+ concentra-
tions in 2024 (average Mn2+ concentration for 2010–2023
was 0.09 mg L−1 and for 2024 it was 0.25 mg L−1, an in-
crease of 172 %), since manganese (Mn4+) oxides are also
reduced under waterlogged conditions (Canfield et al., 1993;
Škerlep et al., 2023). In addition, higher Fe2+ and Mn2+ con-
centrations were also found in groundwater samples taken in
the riparian zone in 2024 (data not shown), whereas Fe2+

and Mn2+ concentrations in the reference stream (WU17)
showed no increase in 2024 due to the lack of a larger ripar-
ian zone.

This example illustrates the advantage of long-term data
series on the one hand, and on the other hand, the existence of
complementary data, such as the additional measurements in
the reference catchment, to reveal the complex relationships
in solute transport.

4.3 Predicted solute fluxes

Figure 10 shows the predicted annual fluxes per unit area
(km2) of all considered solutes using the composite model
for the Wüstebach and reference streams, respectively. The

Figure 8. Predictions of the annual DOC fluxes at WU14 using
different solute models as well as the weekly sampling data.

conversion to a unit area facilitates the comparison of fluxes
for different streams. In the reference stream, the annual
solute fluxes of the ions considered ranged from less than
39.1 kg km−2 a−1 (Fe2+) to 4929.5 kg km−2 a−1 (SO4−).
The fluxes of NO−3 and Cl− are in the middle range at 1958.2
and 2033.7 kg km−2 a−1, respectively. The cations with the
highest mean annual fluxes were Ca and Na with 1128.6 and
1127.1 kg km−2 a−1, respectively. The lowest annual solute
fluxes occurred in the drought year 2018 (47 % of the aver-
age total annual solute fluxes), mainly due to low runoff in
that year (67 % of the long-time average observed runoff at
WU17).

In the Wüstebach stream, the average annual total solute
flux (i.e. 77.9 t km−2 a−1) was six times higher than in the
reference stream (i.e. 13.0 t km−2 a−1). One reason for this
was that the total annual flow of dissolved substances of Na+

and Cl− was sixteen and eighteen times higher in the Wüste-
bach stream, i.e. 18.6 and 37.4 t km−2 a−1, respectively , due
to the input of de-icing salt on the road that crosses the catch-
ment (Płaczkowska et al., 2022, 2024).

In the Wüstebach stream, five solutes show significant
long-term trends in the annual fluxes: Fe2+, K+ and DOC
show significant increasing trends while those of NO−3 and
SO2−

4 show significant decreasing trends (Fig. A10a, Ta-
ble A5). In contrast, the reference stream shows only sig-
nificant decreasing trends of NO−3 (Fig. A10b, Table A5).

5 Data availability

The described long-term data set, the R scripts to generate the
plots from the data and the geospatial data presented in Fig. 1
are directly accessible via a digital object identifier (DOI)
and is freely available at https://doi.org/10.26165/JUELICH-
DATA/AKAMNQ (Bogena and Herrmann, 2025). All times-
tamps associated with the data records are recorded in Coor-
dinated Universal Time (UTC). Table A6 in the Appendix
provides an overview of the published data files. Further
data from instrumentation in the Wüstebach catchment are
freely available via the TERENO data portal TEODOOR
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Figure 9. Predicted hourly concentrations of all considered solutes at WU14 using the composite model. The dashed line indicates the time
of clear-cutting.

(http://teodoor.icg.kfa-juelich.de/, last access: 3 December
2025). In addition, inquiries about data and research collab-
orations can be directed to the lead author (h.bogena@fz-
juelich.de).

6 Conclusions and outlook

In this data paper, we present 16 years of hourly stream-water
flux data of nine continuously monitored macro- and mi-
cronutrients, as well as dissolved ionic aluminum and DOC,
in the Wüstebach catchment. The basis for the solute fluxes
is continuous discharge and water quality data collected as
part of a deforestation experiment. To enable analysis of the
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Figure 10. Runoff and annual fluxes of all considered solutes using the composite model for the Wüstebach (WU14) and reference stream
(WU17), respectively.

effects of the deforestation measure on solute transport, these
data were also collected in a neighboring catchment (i.e. ref-
erence stream).

To ascertain the most appropriate method for predicting
continuous solute concentrations, four well-known methods
were applied and compared with high-resolution nitrate mea-
surements taken in the Wüstebach stream over a period of
two years. We found that both the rectangular interpolation
and the composite model performed equally well in predict-
ing solute concentrations in the Wüstebach stream.

Preliminary data analysis of the comprehensive data set
on concentrations and stream-water fluxes of dissolved sub-
stances shows great potential for analyzing the influence of
deforestation and afforestation on the fluxes of dissolved sub-
stances at the catchment scale. In addition, the effects of ex-
treme dry and wet years on the concentrations and fluxes of
substances can be investigated in more detail using the envi-
ronmental monitoring data available at the Wüstebach site.

The data processing employed in this study is currently
state of the art. However, this may be subject to alteration
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considering future research. Consequently, we offer raw data
and undertake to revise the published dataset with an incre-
mental version, should novel data processing methodologies
be endorsed in the future. Since the measurements in Wüste-
bach are still ongoing, we also plan to update the stream-
water flux time series regularly, e.g. every three years.

Appendix A

Table A1. Forest management interventions and affected areas in the Wüstebach and reference catchments (2004–2024) (unpublished data
from Eifel National Park).

Year Forest intervention Area
(ha)

Explanation

2004 Unterplanting of beech trees 4.81 Underplanting involves planting young beech trees beneath an existing
spruce canopy.

2005 Thinning 7.67 Thinning involves removing selected trees to improve growth
conditions of the beech trees.

2007 Selective sanitation felling 7.67 Selective removal of beetle-infested spruces prevents further
infestation.

Underplanting of beech trees 7.05

2009 Thinning 6.12

Clear-cutting 0.15 Clear-cutting involves the complete removal of trees over a defined
area.

Thinning 6.12

2011 Unterplanting of beech trees 0.71

2013 Removal of natural regeneration 5.26 Elimination of natural regeneration of spruce trees.

Thinning 5.25

Clear-cutting 10.48

2014 Unterplanting of beech trees 4.16

Thinning 7.85

Fenced exclosure and planting of
sycamore maple trees

1.98 Initial plantations of sycamore maple were carried out inside fenced
enclosures to protect them from browsing by wildlife.

Unterplanting of beech trees 4.16

Thinning 7.85

2016 Thinning 7.75

Removal of natural regeneration 7.75

2017 Unterplanting of beech trees 1.98

Thinning 12.2

2018 Unterplanting of beech trees 2.25

2019 Unterplanting of beech trees 5.5

2020 Selective sanitation felling 0.72

2023 Thinning 7.13

2024 Removal of natural regeneration 8.52
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Table A2. Type of measurement and geographical coordinates of the TERENO stations used in this study.

Station Type of measurement Latitude Longitude

WU10 Discharge station 50.5038 6.3335
WU14 Discharge station 50.505 6.3334
WU17 Discharge station 50.5052 6.3341
WU_K_2 Meteorological station 50.5031 6.3360

Table A3. Water balance components for the hydrological year 2012 in the Wüstebach catchment (WU14) and the reference catchment
(WU17), comparing different catchment area assumptions. The year 2012 was selected as it was not affected by the deforestation measure.
Measured evapotranspiration (ET) from eddy covariance measurements at the ICOS station DE-RuW in the Wüstebach catchment (https:
//meta.icos-cp.eu/resources/stations/ES_DE-RuW, last access: 3 December 2025) is also presented.

Water balance 2012 WU14 (38.5 ha) WU17 (11.5 ha) WU17 (7 ha)

Precipitation (mm) 1305.1 1305.1 1305.1
Runoff (mm) 723.9 448.3 736.5
Calculated ET (mm) 581.2 856.8 568.6
Measured ET (mm) 552.6 552.6 552.6

Table A4. Number of stream water samples collected before and after the clear-cut for each solute, including start and end dates.

Solute Before clear-cut After clear-cut Start date End date

WU14 WU17 WU14 WU17

Al 398 348 684 678 4 Jan 2010 16 Dec 2024
Ca 407 350 676 675 4 Jan 2010 16 Dec 2024
Cl 406 352 681 677 4 Jan 2010 16 Dec 2024
DOC 407 349 710 666 4 Jan 2010 16 Dec 2024
Fe 395 172 682 658 11 Jan 2010 16 Dec 2024
K 400 348 683 675 4 Jan 2010 16 Dec 2024
Mg 406 351 684 675 4 Jan 2010 16 Dec 2024
Mn 404 217 656 494 4 Jan 2010 16 Dec 2024
Na 406 338 680 668 4 Jan 2010 16 Dec 2024
NH4 127 17 352 339 11 Jan 2010 16 Dec 2024
NO3 407 352 698 680 4 Jan 2010 16 Dec 2024
SO4 407 352 696 680 4 Jan 2010 16 Dec 2024
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Table A5. Results of the annual trend analysis. Significant trends (i.e. p-value< 0.05) are highlighted in bold. See also Fig. A10a.

Data Solute Intercept Slope R2 p_value

WU14 annual average concentration NO3 604.50 −0.297 0.851 0.000001
DOC −324.19 0.163 0.398 0.0117
Mg 119.17 −0.057 0.325 0.0265
Fe −31.40 0.016 0.306 0.0326
SO4 −114.87 0.061 0.226 0.0735
Ca 175.40 −0.084 0.217 0.0804
K −10.99 0.006 0.193 0.1016
Cl 1157.28 −0.547 0.118 0.2104
Mn −9.09 0.005 0.093 0.2704
Na 334.14 −0.153 0.065 0.3594
Al −0.58 0.000 0.004 0.8188

WU14 annual flux NO3 507 119.10 −249.129 0.649 0.0003
K −43 559.88 21.914 0.471 0.0047
DOC −325 597.61 162.856 0.391 0.0127
SO4 −364 719.16 184.203 0.348 0.0206
Fe −20 327.10 10.136 0.315 0.0296
Na −420 968.18 218.398 0.063 0.3651
Mn −4334.12 2.187 0.042 0.4655
Cl −549 782.46 292.029 0.040 0.4756
Ca −9571.81 7.062 0.002 0.8744
Mg 4695.57 −0.961 0.000 0.9724
Al 226.02 −0.062 0.000 0.9730

WU17 annual average concentration NO3 588.80 −0.290 0.853 0.000007
DOC −6.01 0.003 0.637 0.0011
Mg 69.69 −0.033 0.601 0.0019
Fe 43.41 −0.020 0.461 0.0107
SO4 −20.87 0.011 0.446 0.0126
Ca −49.82 0.026 0.376 0.0259
K −79.78 0.041 0.327 0.0412
Cl −1.01 0.001 0.200 0.1258
Mn −1.95 0.001 0.195 0.1312
Na −57.18 0.031 0.120 0.2472
Al −11.25 0.011 0.035 0.5391

AU17 annual flux NO3 326 338.35 −160.662 0.599 0.0019
K −11 016.39 5.574 0.166 0.1674
DOC 40 419.10 −19.428 0.094 0.3071
SO4 28 943.06 −13.813 0.060 0.4203
Fe −583.46 0.299 0.045 0.4845
Na −280.26 0.147 0.026 0.5993
Mn −18 155.45 9.602 0.023 0.6194
Cl −22 356.60 12.166 0.013 0.7139
Ca 591.97 −0.272 0.009 0.7603
Mg −7287.41 6.085 0.001 0.9377
Al −1305.26 1.057 0.000 0.9426
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Table A6. List and description of published data files.

File name Short description

precipitation_combined.txt Daily precipitation gap-filled and combined from two stations

readme.txt and readme.xlsx Documentation of data tables and files, meaning of the headers, units, etc.

WU14_discharge.txt Measured and gap-filled discharge record at station WU14

WU14_DOC_annual_flux.txt Annual flux of DOC based on discontinuous sampling and the four solute
prediction models at station WU14

WU14_DOC_concentration_modelling.txt Hourly discharge and DOC concentrations modelled using the four solute
prediction models at station WU14

WU14_elements_compositeModel_annual_flux.txt Annual flux of elements at station WU14, modelled using the composite
model

WU14_elements_compositeModel_annual_flux_ per_
square_ kilometer.txt

Annual flux of elements at station WU14, modelled using the composite
model and converted to the catchment area

WU14_elements_compositeModel_concentrations_
flux.txt

Hourly discharge, concentration and flux of elements at station WU14,
modelled using the composite model

WU14_elements_ds_concentrations.txt Discharge and concentration of elements from discontinuous sampling at
station WU14 (concentration data from laboratory analysis)

WU14_nitrate_measurements1.txt Daily discharge and nitrate concentration from discontinuous sampling at
station WU14

WU14_nitrate_measurements2_trios.txt Hourly nitrate concentration measured with the TriOS sensor at station
WU14

WU14_nitrate_annual_flux.txt Annual flux of nitrate based on discontinuous sampling and the four solute
prediction models at station WU14

WU14_nitrate_concentration_modelling.txt Hourly discharge and nitrate concentration modelled using the four solute
prediction models at station WU14

WU14_physicochemicalParameters_ds.txt Physicochemical parameters from discontinuous sampling at station WU14

WU14_SAK254trios.txt SAK254-value measured with the TriOS sensor at station WU14

WU14_SAK254trios_DOC_ds.txt SAK254-value measured with the TriOS sensor correlated with DOC from
discontinuous sampling at station WU14

WU17_discharge.txt Measured and gap-filled discharge record at station WU17

WU17_DOC_annual_flux.txt Annual flux of DOC based on discontinuous sampling and the four solute
prediction models at station WU17

WU17_DOC_concentration_modelling.txt Hourly discharge and DOC concentrations modelled using the four solute
prediction models at station WU17

WU17_elements_compositeModel_annual_flux.txt Annual flux of elements at station WU17, modelled using the composite
model

WU17_elements_compositeModel_annual_flux_ per_
square_ kilometer.txt

Annual flux of elements at station WU17, modelled using the composite
model and converted to the catchment area

WU17_elements_compositeModel_concentrations_
flux.txt

Hourly discharge, concentration and flux of elements at station WU17,
modelled using the composite model

WU17_elements_ds_concentrations.txt Discharge and concentration of elements from discontinuous sampling at
station WU17 (concentration data from laboratory analysis)

WU17_physicochemicalParameters_ds.txt Physicochemical parameters from discontinuous sampling at station WU17

WU17_nitrate_concentration_modelling.txt Hourly discharge and nitrate concentration modelled using the four solute
prediction models at station WU17
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Figure A1. Planting areas of beech (Fagus sylvatica L.) and sycamore maple (Acer pseudoplatanus L.) with details of the planting year in
the study area (unpublished data from Eifel National Park).

Figure A2. Boxplots showing the distributions of physicochemical stream water parameters (i.e. electrical conductivity, pH, redox potential
and temperature) measured using a multi-probe sensor at station WU14. The box shows the median and the interquartile range and the
whiskers extend to 1.5 times the interquartile range away from the box.
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Figure A3. Boxplots showing the distributions of physicochemical stream water parameters (i.e. electrical conductivity, pH, redox potential
and temperature) measured using a multi-probe sensor at station WU17. The box shows the median and the interquartile range and the
whiskers extend to 1.5 times the interquartile range away from the box.

Figure A4. Correlation between nitrate concentrations measured by the TriOS optical sensor and grab samples (left), and between calibrated
TriOS nitrate concentrations and grab sample concentrations (right). Corresponding R2 and RMSE values are also shown.
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Figure A5. Boxplots showing the distributions of all considered macro- and micronutrients, dissolved aluminum and DOC determined from
stream water samples taken at discharge station WU17. The box shows the median and the interquartile range, and the whiskers extend to 1.5
times the interquartile range away from the box. Information on the number of stream water samples collected before and after the clear-cut
for each solute, as well as the start and end dates of the sampling period, is provided in Table A4.

Figure A6. Nitrate prediction models fitted to the measured values from weekly samples at WU17 using functions implemented in the
LOADFLEX package. Subplots show predicted concentrations for rectangular interpolation (no3_interp), linear regression model (no3_lm),
RLOADEST regression model (no3_reg2), and composite model (no3_comp). The dashed line indicates the time of clear-cutting.
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Figure A7. DOC concentrations from event and grab-based samples (black dots) at WU14 (above panel) and WU17 (below panel), re-
spectively, and from four prediction models (red lines) implemented in the LOADFLEX package. Subplots show predicted concentrations
for rectangular interpolation (DOC_interp), linear regression model (DOC_lm), RLOADEST regression model (DOC_reg2), and composite
model (DOC_comp).
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Figure A8. Predicted hourly concentrations of all considered solutes at WU14 using the composite model. The dashed line indicates the
time of clear-cutting.
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Figure A9. Annual average concentrations of the solutes considered at (a) WU14 and (b) WU17, and linear trend lines. The red dots indicate
the years before deforestation.
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Figure A10. Annual fluxes of the solutes considered at (a) WU14 and (b) WU17, and linear trend lines. The red dots indicate the years
before deforestation.
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