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Abstract

A substantial body of knowledge concerning the functioning of catchments has been derived
from the quantification of solute and suspended matter fluxes in rivers. The Wiistebach
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 Wiistebach 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, including 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 Wiistebach catchment. The analysis showed
that the composite 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 “Wiistebach data paper: Long-term hourly solute flux data 2010-2024”, is
shared via Forschungszentrum Jilich: https://doi.org/10.26165/JUELICH-
DATA/AKAMNQ (Bogena and Herrmann, 2025).

Keywords

Wiistebach catchment; deforestation; afforestation; stream-water flux data; solute

prediction models; composite model; R software
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1 Introduction

Stream discharge and dissolved concentrations of anions, cations and DOC determine how
much solute mass is exported 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, following 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 and
reservoirs (Kong et al., 2022). Nevertheless, there is still a notable lack of comprehensive
long-term data sets of stream-water fluxes with high temporal 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 approach (Mollenhauer et al., 2018).

To address this research gap, a deforestation experiment was conducted in 2013 in the
Wiistebach catchment (Bogena et al., 2015) as part of the German TERENO (Terrestrial
Environmental Observatories) initiative (Zacharias et al., 2011, 2024) to investigate the
solute flux response to the clear-cutting operation. Long-term data before and after forest
clear-cut, in combination with water quality models, improve research into the effects of
forest dieback and the subsequent recovery of forests (Chen et al., 2024; Musolff et al.,
2024).

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, @, is the convolution of solute concentration C and discharge Q over time t

(Aulenbach and Hooper, 2006):
®r = [C(BQ(L) dt ey

Solving (1) requires continuous measurements of solute concentrations and discharge.
While continuous discharge data (e.g. at 10-min resolution) is often available, solute
concentrations are typically measured on a weekly or event basis as was the case in this
study. A plethora of methods have been proposed to determine @ from discontinuous data
including 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
3

Earth System
Science

Data

suoIssnosIq



https://doi.org/10.5194/essd-2025-185
Preprint. Discussion started: 6 June 2025
(© Author(s) 2025. CC BY 4.0 License.

86
87
88
89
90
91
92
93

94
95
96
97
98
99
100
101
102
103
104
105

106
107
108
109
110

111
112

113
114
115
116
117
118

concentrations to a higher temporal resolution (e.g. hourly). More sophisticated flux
calculation methodologies have been incorporated into software applications, including
FLUX (Walker, 1996), LOADEST (Runkel et al., 2004), and EGRET (Hirsch and De
Cicco, 2015). The most comprehensive solute flux calculation software package to date is
LOADFLEX (Appling et al., 2015), which includes several estimation models and an
algorithm for estimating 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 micronutrients, as well as dissolved ionic aluminum and DOC, in the
Wiistebach catchment. This work also updates and expands on earlier solute flux
calculations in the Wiistebach that were based only on simple weekly averages
(Placzkowska et al., 2022). To determine the most appropriate method for determining
continuous solute concentrations, four well-known methods (i.e. rectangular interpolation,
two regression models and a composite model) were applied to the example of nitrate and
compared with high-resolution nitrate measurements taken in the Wiistebach stream over a
period of two years. We also compared the results of the DOC flux predictions using the
four methods. Finally, the composite model was used to determine all solute fluxes for the
Wiistebach catchment and a neighboring reference catchment that was not affected by the

clear-cutting.

The presented high-resolution flux data are of great importance 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 observation data available within TERENO (e.g. land-surface-atmosphere

exchange fluxes, soil water storage and chemistry, as well as vegetation properties).

2 Site description

The experimental Wiistebach headwater catchment (39 ha; WU 14, Figure 1) belongs to the
Lower Rhine/Eifel Observatory 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 covered by Norway spruce (Picea abis L.), with altitudes ranging from
595 m to 628 m above sea level and an average slope of 3.6 percent. The region belongs to

the temperate oceanic climate (Cfb) according to the Koppen climate classification system,
4
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with an average annual temperature of approx. 7 °C and an average annual precipitation and
runoff of approx. 1200 mm and 700 mm, respectively (Graf et al., 2014). The subsoil is
composed 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 (Figure 1).
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@ Climate station
[] Catchment boundary
—— Contour line (m)
—— Stream
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Soil types
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Figure 1: Map showing the main soil types of the Wiistebach 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).

A smaller tributary catchment (11 ha) with similar characteristics serves as an undisturbed
reference catchment for the clear-cut experiment (WU17, Figure 1). The similarity, which
is important to investigate the impact of deforestation on the hydrological system, was
confirmed by comparing the runoff dynamics of both catchments before deforestation over

a period of more than three years (Wiekenkamp et al., 2016a).

Over the past two decades, the Wiistebach catchment has been the subject of intensive

research, with a particular focus on hydrological (Bogena et al., 2010; Rosenbaum et al.,
5
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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 hectares of the Wiistebach catchment area were

cleared in order to allow natural succession to a mixed forest to occur (Figure 1).

More recently, studies investigated also the effects of the deforestation on hydrological and
land surface processes in the Wiistebach 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; Ptaczkowska et al., 2022, 2024). The clear-cut measure has
had a significant impact on the hydrological system of the Wiistebach catchment, affecting
several key hydrological processes (Wiekenkamp et al., 2019). Following the clear-cutting,
evapotranspiration was initially reduced by approximately 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, particularly 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 deforested 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 concentration levels
in stream water. For instance, for DOC, a 60% increase was observed in the Wiistebach
stream within the first two years after deforestation (Wang et al., 2022). In addition,
Robinson et al. (2022) showed that stream water nutrient 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 located in the clear-cut area
(Figure 1) using a weighing rain gauge (Pluvio?, 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

(German Weather Service, DWD), which is located 8 km to the west at 535 m a.s.l. In a
6
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previous study, it was demonstrated that the precipitation data from climate station

Kalterherberg are representative for the Wiistebach catchment (Graf et al., 2014).

Continuous stream discharge measurements were conducted at the outlets of the Wiistebach
and control streams (WU14 and WU17) at a temporal resolution of 10 min. Data from
another Wiistebach 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 measurements
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 gauging 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 below 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 calculated 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 necessary 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
calculated 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 discharge 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.
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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 average discharge during the 16-year record of WU14 was 9.61 I/sec (2.16 mm/day)
and 1.47 I/sec (1.16) mm/day for the record of WU17 from August 2011 to the end of 2024
(Figure 2). The highest measured discharge was 50.57 and 28.95 mm/hour at WU14 and
WUI17 in the summer of 2021 (Figure 2), when a flood disaster occurred in western
Germany (Saadi et al., 2023). Typically, the largest discharges are recorded in the winter
half-year, while the summer periods are characterized by low discharge conditions,

especially at WU17 (Figure 2).
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3.2 Physical parameters of water quality

Several physical parameters of water quality (i.e. electrical conductivity, pH, redox
potential and temperature) are measured at a resolution of 10 minutes using a multi-probe
sensor (YSI 6820, YSI Inc.) at the 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 Figures Al and A2) illustrate that although the pH (median = 6.25 and 6.15 at
WU14 and WU17, respectively) and the redox potential (median = 259 mV and 287 mV at
WU14 and WU17, respectively) show a high degree of similarity, there is a significant
difference in their electrical conductivities (median = 230 pS/cm and 60 uS/cm at WU14
and WU17, respectively). This difference can be explained by the heavy use of deicing salts
on the road that runs south through the Wiistebach catchment area (Ptaczkowska 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 Wiistebach
catchment (Figures Al and A2). However, these differences should not limit the usability
of the reference stream for the investigation of the effects of deforestation on matter fluxes

in the Wiistebach 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 interval to detect rapid changes in water chemistry during high
flow. Additionally, WU14 was equipped with an optical sensor (TriOS proPS, Rastede,
Germany) to quantify alterations in nitrate concentrations at a 10-minute interval (Bogena

et al., 2018).

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
um) and stored at 4°C prior to analysis. Major anions (Cl', NO*, SOs”, NH4", PO+*) and
cations (AI*, Fewt, Ca?", Mg?", Na’, K*) were measured using ion chromatography and
inductively coupled plasma—optical emission spectrometry (ICP-OES), respectively. The

DOC concentration was determined as non-purgeable organic carbon (Shimadzu TOC-
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VCPN). Given that the concentrations of NH4™ and PO4> were typically near or below the
detection limit (0.06 and 0.08 mg/L), 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.
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Figure 3: Boxplots showing the distributions of main macro- and micronutrients, as well
as dissolved aluminum and DOC determined from stream water samples taken 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.

The solute concentrations in the Wiistebach stream were mostly low (median of all solutes
= 3.52 mg/L), with Na* showing the highest concentrations among the cations (median =
25.7 mg/L) and CI" as the dominant anion (median = 53.0 mg/L). The high NaCl content is
mainly caused by the large amount of road deicing salts entering the headwater of the
Wiistebach catchment (Ptaczkowska et al., 2024). In contrast, since the reference catchment
is not affected by these salt inputs (median Na* = 2.90 mg/L, median CI' =4.94 mg/L, Figure
A3), the median of all solute concentrations in the reference stream was significantly lower

at 2.50 mg/L.

Using the nitrate and DOC concentration data, we selected the most appropriate method for

calculating the hourly concentrations of all the other dissolved substances considered, which
10
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are needed for the solute flux estimation (see section 3.4). In this way, the selected model
should encompass both solutes that are more associated with subsurface transport processes
(i.e. nitrate) as well as overland flow transport processes (i.e. DOC). Mean nitrate
concentrations in both streams were generally low at 4.30 mg/L and 3.78 mg/L at WU 14
and WU17, respectively. Overall, the measured stream nitrate concentrations during the
study period ranged from 0.64 to 14.65 mg/L at WU 14 and 0.03 to 9.51 mg/L at WU17 (see
Figures 3 and A3) with strong seasonal variations (Figure 2). In addition, at WU14 the
nitrate concentration shows a long-term downward trend from 2016 onwards (Figure 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 (Ptaczkowska et

al., 2022).

Regarding the export of dissolved organic matter, the behavior of both streams was very
similar: DOC concentrations ranged at WU14 from 0.08 to 19.4 mg/L and at WU17 from
0.13 to 19.2 mg/L (see Figures 3 and A3). DOC concentrations were positively related to
discharge only during the summer half year (Figure 4). This suggests that surface runoff
after high intensity precipitation events plays a crucial 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) was about a quarter higher than at WU17 (i.e. 3.63 mg/L), 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,
especially at WU14 (Figure 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.

11
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Figure 4: Scatter diagrams of DOC and nitrate against the logarithmic discharge measured
at stations WU14 and WU17 and differentiated according to summer and winter half-year.
The LOESS (Locally Estimated Scatterplot Smoothing) trend lines, i.e. non-parametric
curves that smooth data points by fitting local weighted regressions, indicate non-linearity,

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 (Appling et al., 2015). Furthermore, LOADFLEX was employed to
construct composite models that rectify the inherent biases in the regression analysis
through the interpolation of prediction 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 values

through the utilization of the intrinsic functions provided by LOADFLEX.

Continuous solute concentration data are required to calculate hourly flux data. In order to
find the most appropriate solute model for predicting continuous concentration
observations, we compare the four basic types of models implemented in LOADFLEX (i.e.
interpolation models, simple linear regression models, RLOADEST regression models and
composite models). We use the nitrate concentrations measured 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.
12
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The first and simplest model used in this study is the interpolation method, which has been
used in many studies of solute 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 observations). Here, we employ the rectangular interpolation
implemented in LOADFLEX, which is mathematically equivalent 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 alternative to interpolation models for estimating substance flows,
since it requires only limited time series of solute concentrations, 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 Cicco, 2017), specifically the seven-parameter model proposed by
Cohn et al. (1992), which is also incorporated in LOADFLEX:

lmo=&+mm@%¢4m@ﬁ+ma—ﬂ+ma—ﬂ+mﬁmmm+
Becos(2nT) + & 2

where C is the solute concentration, Q is the discharge, 7 is time in years, and Q and T are
centering variables for which the average of the original variables is subtracted from each
individual value. The errors, denoted & are assumed to be independent and normally
distributed. The seven adjustment parameters, 4, have to be fitted with the observation data.
The £ parameters are used to scale the influences of O and 7, as well as annual seasonality
on solute concentrations. Potential biases due to the logarithmic retransformation are
circumvented through an adjusted maximum likelihood estimation (AMLE) algorithm
(Appling et al., 2015). It should also be noted that the RLOADEST provides in total nine
different 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 available
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
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between the measurement time steps. Thus, by making use of all the available data, it should
provide more accurate predictions at the temporal resolution 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 residuals (e.g. absolute differences)
are then calculated from the predictions and observations. The composite model then
corrects the regression model predictions by adding the residuals to predictions or

multiplying the predictions by the relative residuals.

3.5 Statistical methods for model validation

To validate the model results, three well-known statistical methods are used, namely, root
mean square error (RMSE), Nash-Sutcliffe efficiency (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:
_ [1yn ~\2
RMSE = |-37_,(Ci - C) A3)

in which C, is the vector of predicted solute concentrations, n is the number of data points

and C; is the vector of observed concentrations.

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

Yh=1(Ci—C)?

NSE=1- [Zz=1(ci—émean)2 (4)

in which Cp,eqn is the arithmetic mean of predicted concentrations.

Finally, PBIAS quantifies the mean tendency of the simulated solute concentrations to

exceed or fall below the observations and is calculated as follows (Gupta et al., 1999):

n —F)2.
PBIAS = M}

Tn=1(C)

6]
According to Moriasi et al. (2007), the output of a model for the concentration of dissolved
substances can be considered 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:

__ NSE"+RMSE"+PBIAS™*

AQM -

(6)
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where NSE*, RMSE" and PBIAS” indicate the standardized metrics. Since NSE already lies
between 0 and 1, NSE corresponds to NSE* when negative values are set to 0. The

standardized RMSE" (i.e. RMSE mapped on a scale from 0 to 1) is calculated with:

RMSE
RMSEmax

RMSE" =1 —

(7

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

|PBIAS)|
PBIASmax

PBIAS* =1 — )

4 Results
4.1 Comparison of different solute prediction models

The panels in Figure 5 illustrate the nitrate prediction results at WU14 obtained using
rectangular interpolation, linear regression, RLOADEST regression, and composite
modelling for the whole observation period. The corresponding results at WU17 are

presented in Figure A4.
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Figure 5: Nitrate prediction models fitted to the measured values from weekly samples at
WU 14 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 Im), RLOADEST

regression model (no3_reg2), and composite model (no3_comp).

In addition, Figure A5 shows both observed nitrate concentrations by the TriOS sensor and

predicted nitrate concentrations at WU14 for the years 2014 and 2020 to highlight the
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performance differences between the various models. These two years were chosen because
the data from the TriOS sensor is almost complete and because the nitrate concentrations
show significant differences. The discrepancies between the model performances are
particularly evident during the nitrate concentration peaks in July and December 2014,
during which the linear and RLOADEST regression models severely underestimate nitrate
concentration, whereas the other methods perform well. The performance of the linear
regression model also deteriorates from 2020 onwards, leading to significantly excessive

nitrate concentrations, particularly in the winter months.

Since there is a general positive correlation between nitrate concentrations and runoff
(Figure 4), the linear regression model always calculates increasing concentrations with
increasing runoff. However, there are obviously many inverted concentration peaks in 2020
(Figure A5), indicating dilution effects that were less pronounced in 2014 when nitrate
levels were generally higher due to clear-cutting. These observations 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 interpolation and the composite

model showed the best performances.

Table 1: Summary statistics of the model validation using the hourly nitrate concentration
measured with the TriOS probe for the years 2014 and 2020 (green fields indicate the
highest quality, while red fields indicate the lowest quality).

Prediction model Year RMSE NSE PBIAS
Rectangular
interpolation 1.18 0.33 9.85
Linear regression 2014 1.79 -0.54 28.79
RLOADEST (7 parameter) 1.77 -0.49 22.03
Composite model 1.11 0.41 10.32
Rectangular
interpolation 0.40 0.74 3.34
Linear regression 2020 0.86 -0.22 -22.09
RLOADEST (7 parameter) 0.36 0.79 -2.64
Composite model 0.38 0.76 3.02
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Table 2 summarizes the AQM values, which show that the composite model provides the
best model performance in predicting nitrate concentrations for the Wiistebach for the years

2014 and 2020.

Table 2: Average quality measures (AQM) for the four different solute prediction models
(green fields indicate the highest quality, while red fields indicate the lowest quality).

Prediction model AQM
Rectangular interpolation 0.62
Linear regression 0.13
RLOADEST (7 parameter) 0.46
Composite model 0.65

In a next step, the annual nitrate fluxes, which were determined on the basis of the
continuous nitrate concentrations from the various solution models, were compared
(Figure 6). 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 sampling”) and are also presented in
Figure 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 approx. 211 kg/year. 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/year, 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.
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Figure 6: 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.

The predicted DOC concentrations at WU14 and WU 17 are presented in Figure A6. To
assess the effects of the different concentration models on the calculation of the DOC flux,

annual DOC fluxes over the entire period were also calculated (Figure 7).
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Figure 7: Predictions of the annual DOC fluxes at WU14 using different solute models as

well as the weekly sampling data.

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%).
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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 Al**,

Ca?", NOs” and DOC, which are not supported by the observations.

The annual average concentrations of the solutes considered show varying long-term trends
(Figure A8a). For example, in the Wiistebach stream (WU14), the concentrations of Mg>*
and NOs" show significant decreasing trends during the complete observation period, while
DOC and Fe?" show significant increasing trends at a significance level of 0.05 (Table A3).
Interestingly, the reference stream (WU17) shows similar trends for most solutes, indicating
that the deforestation in the Wiistebach catchment is not the primary cause of these trends
(Figure A8b, Table A3). For example, the decreasing trend in nitrate concentration is
presumably related to the underplanting of beeches throughout the entire spruce stand,
which absorb additional nitrogen from the soil. The background to the underplanting is that
the entire spruce stand will be cleared by the mid-2030s, allowing a near-natural mixed

beech forest to develop.

An interesting anomaly is that in the Wiistebach the Fe?* concentrations in 2024 were
significantly higher than in previous years (average Fe?* concentration for 2010-2023 was
0.15 mg/L and for 2024 it was 0.57 mg/L, an increase of 283%). One hypothesis for the
high iron concentrations in the Wiistebach stream is that they are related to the anomalous
redox conditions in the soils of the riparian zone (Tittel et al., 2022). In support of this thesis
the alluvial soils in the riparian zone of the Wiistebach catchment (corresponds to the blue
colors in Figure 1) were saturated for longer periods 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 waterlogged conditions, oxygen availability
decreases, creating an anaerobic environment that promotes microbial reduction of ferric
(Fe*") oxides to soluble ferrous (Fe*") iron (Ekstrom et al., 2016). If this occurs in
hydraulically connected soils, Fe?* is transported into the stream. This hypothesis is also
supported by the exceptionally high Mn?" concentrations in 2024 (average Mn?
concentration for 2010-2023 was 0.09 mg/L and for 2024 it was 0.25 mg/L, an increase of
172%), since manganese (Mn*") oxides are also reduced under waterlogged conditions
(Canfield et al., 1993). In addition, higher Fe** and Mn?* concentrations were also found in

groundwater samples taken in the riparian zone in 2024 (data not shown), whereas Fe?* and
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Mn?" concentrations in the reference stream (WU17) showed no increase in 2024 due to the

lack of a larger riparian 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.

4.2 Predicted solute fluxes

Figure 9 shows the predicted annual fluxes per unit area (km?) of all considered solutes
using the composite model for the Wiistebach and reference streams, respectively. The
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?a! (Fe?*) to 4929.5 kg km? a”! (SO*). The fluxes of NOs and CL" are in the middle
range at 1958.2 and 2033.7 kg km™ a’!, respectively. The cations with the highest mean
annual fluxes were Ca and Na with 1128.6 and 1127.1 kg km™ a!, respectively. The lowest
annual solute fluxes occurred in the drought year 2018 (47% of the average total annual
solute fluxes), mainly due to low runoff in that year (67% of the long-time average observed
runoff at WU17).

In the Wiistebach stream, the average annual total solute flux (i.e. 77.9 t km? a!) was six
times higher than in the reference stream (i.e. 13.0 t km™ a™'). One reason for this was that
the total annual flow of dissolved substances of Na“ and CI” was sixteen and eighteen times
higher in the Wiistebach stream, i.e. 18.6 and 37.4 t km™ a’!, respectively , due to the input
of de-icing salt on the road that crosses the catchment (Ptaczkowska et al., 2022, 2024).

In the Wiistebach stream, five solutes show significant long-term trends in the annual fluxes:
Fe?*, K" and DOC show significant increasing trends while those of NOs™ and SO4* show
significant decreasing trends (Figure A9a, Table A3). In contrast, the reference stream

shows only significant decreasing trends of NO3™ (Figure A9b, Table A3).
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Figure 9: Annual fluxes of all considered solutes using the composite model for the

Wiistebach (WU14) and reference stream (WU17), respectively.
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5 Conclusions and outlook

In this data paper, we present 16 years of hourly stream-water flux data of nine continuously
monitored macro- and micronutrients, as well as dissolved ionic aluminum and DOC, in the
Wiistebach 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 effects
of the deforestation measure on solute transport, these data were also collected in a
neighboring catchment (i.e. reference stream). To ascertain the most appropriate method for
predicting continuous solute concentrations, four well-known methods were applied and
compared with high-resolution nitrate measurements taken in the Wiistebach stream over a
period of two years.

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

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

every three years.
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Data access and availability

The described long-term data set, the R scripts to generate the plots from the data and the
geospatial data presented in Figure 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 timestamps associated with the data records are recorded
in Coordinated Universal Time (UTC). Table A1 in the Appendix provides an overview of
the published data files. Further data from instrumentation in the Wiistebach catchment are

freely available via the TERENO data portal TEODOOR (http://teodoor.icg.kfa-

juelich.de/). In addition, inquiries about data and research collaborations can be directed to

the lead author (h.bogena@fz-juelich.de).
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Appendix

Table Al: List and description of published data files.

Open Access

File name

Short description

precipitation_combined.txt

Daily precipitation gap-filled and combined from two stations

readme.txt and readme.xIsx

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 sq
uare_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
Axt

Hourly discharge, concentration and flux of elements at station
WU 14, modelled using the composite model

WU14_elements_ds_concentrations.txt

Discharge and concentration of elements from discontinuous
sampling at station WU14

WU14 nitrate_measurements]1.txt

Daily discharge and nitrate concentration from discontinuous
sampling at station WU 14

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_physicalParameters_ds.txt

Physical parameters from discontinuous sampling at station
WuU14

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_sq
uare_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
Axt

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

WU17_physicalParameters_ds.txt

Physical 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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820
821 Table A2: Type of measurement and geographical coordinates of the TERENO stations
822 used in this study.
823
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 K2 Meteorological station 50.5031 6.3360
824
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825  Table A3: Results of the annual trend analysis. Significant trends (i.e. p-value < 0.05) are

826  highlighted in green. Compare Figure AS8a.

Data Solute Intercept Slope R? p_value
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
WUI14 annual SO4 -114.87 0.061 0.226 0.0735
average Ca 175.40 -0.084 0.217 0.0804
concentration 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
NO3 507119.10 -249.129 0.649 0.0003
K -43559.88 21.914 0.471 0.0047
DOC -325597.61 162.856 0.391 0.0127
SO4 -364719.16 184.203 0.348 0.0206
Fe -20327.10 10.136 0.315 0.0296
WU14 annual flux Na -420968.18 218.398 0.063 0.3651
Mn -4334.12 2.187 0.042 0.4655
Cl -549782.46 292.029 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
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
WU17 annual SO4 -20.87 0.011 0.446 0.0126
average Ca -49.82 0.026 0.376 0.0259
concentration 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
NO3 326338.35 -160.662 0.599 0.0019
K -11016.39 5.574 0.166 0.1674
DOC 40419.10 -19.428 0.094 0.3071
SO4 28943.06 -13.813 0.060 0.4203
Fe -583.46 0.299 0.045 0.4845
AU17 annual flux Na -280.26 0.147 0.026 0.5993
Mn -18155.45 9.602 0.023 0.6194
Cl -22356.60 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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Figure Al: Boxplots showing the distributions of physical 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 A2: Boxplots showing the distributions of physical 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.
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840 Figure A3: Boxplots showing the distributions of all considered macro- and
841 micronutrients, dissolved aluminum and DOC determined from stream water samples
842 taken at discharge station WU17. The box shows the median and the interquartile range
843 and the whiskers extend to 1.5 times the interquartile range away from the box.
844
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Figure A4: 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_Im),

RLOADEST regression model (no3_reg2), and composite model (no3_comp).
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852 Figure A5: Predicted nitrate concentrations at WU 14 using the four prediction models and
853 the high-resolution nitrate concentrations measured with the TriOS sensor for the years
854 2014 (upper panel) and 2020 (lower panel). Subplots show observed concentrations (green
855 dots) and predicted concentrations (orange lines) for rectangular interpolation (no3_interp),
856 linear regression model (no3 lm), RLOADEST regression model (no3 reg2), and
857 composite model (no3_comp).
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Figure A6: Nitrate concentrations from event and grab-based samples (black dots) at WU14
(above panel) and WU17 (below panel), respectively, 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 Im),

RLOADEST regression model (DOC reg2), and composite model (DOC_comp).
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Figure A8: 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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878 Figure A9: Annual fluxes of the solutes considered at a) WU14 and b) WU17, and linear
b
879 trend lines. The red dots indicate the years before deforestation.
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