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Abstract: To ensure the good chemical status of surface water across Europe, it is necessary to
increase research on the comprehensive impact of land use and land cover changes, i.e.,
deforestation, on the natural environment. For this reason, we used data from 9-year environmental
monitoring in the Wiistebach experimental catchment of the TERENO (Terrestrial Environmental
Observatories) network to determine the impact of partial deforestation on solute fluxes and stream
water ionic composition. In 2013, a partial deforestation experiment was conducted in the study
area using a cut-to-length logging method. To this end, two headwater catchments were compared:
one partially deforested (22% of the catchment area) and one untreated control catchment. The
concentrations of ions in stream water, groundwater, and precipitation were analyzed: Ca?, Mg?,
Na*, K*, Al*, Fewt, Mn?*, NOs7, SO+, and CI~. Most of the ions (Na*, Ca?*, Mg?, Cl-, and SO4~) showed
decreasing trends in concentrations after deforestation, indicating a dilution effect in stream water
due to the reduction of the supply of solutes with precipitation in the open deforested area. The
fluxes of these ions decreased by 5-7% in the first year after deforestation, although the stream
runoff increased by 5%. In the second year, the decrease in ion fluxes was greater, from 6% to 24%.
This finding confirms that only limited soil erosion occurred after the deforestation because the soil
was well protected during logging works by covering harvester lanes with branches. Only K* and
NOs™ ions showed increasing trends in both concentrations and fluxes in the partially deforested
catchment in the first two to three years after deforestation. Spruce die-offs, common in Europe,
may decrease the concentration and fluxes of base cations in surface water in a nutrient-limited
environment. However, the simultaneous planting of young broad-leaved trees with post-
harvesting regrowth could create a nutrient sink that protects the catchment area from nutrient
depletion.

Keywords: chemical denudation; atmospheric deposition; clear-cut; environmental monitoring;
Eifel National Park

1. Introduction

Forest management in Europe in the 19th and 20th centuries, which focused on the
rapid and mass harvesting of wood, has resulted in pure Norway spruce (Picea abies L.)
forests growing today in many places where it would not naturally occur [1]. Recently,
with respect to climate change and long-term droughts, spruce forests are dying off or
being replaced by other tree species as a result of forest management aimed at rebuilding
natural forests [2]. Such changes must be reflected not only in the water balance but also
in the ionic composition of surface water. Nowadays, the main aim of the EU water policy
is to ensure the good chemical status of surface water across Europe [3], which means an
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increase in the need for research on the comprehensive impact of land use and land cover
changes, i.e., deforestation, on the environment, including the quality of surface water.

The effect of deforestation on water budget and chemistry has been studied for
several decades [4-6]. The results of these studies show that streamflow increases after
logging, especially in the first year following logging, which is related to reduced
evapotranspiration. The increase in streamflow depends on the percentage of the
deforested area [7,8]. Clear-cutting also causes the mobilization of nutrients from the
upper soil horizons, resulting in an increased concentration of most ions in the stream
water, and this effect could even persist for several decades following logging [9,10].
Increased transport and concentrations of nitrogen forms (NOs-, NO2-, NH«*, total N) in
surface waters after logging is often reported, which is related to the limited uptake of
nitrogen compounds by vegetation and the supply of nitrogen from the decomposition of
organic matter left after logging [8,11,12]. According to the mobile anion theory, the
mobilization of NOs~ and NO: should be accompanied by increased leaching of base
cations [13]. Therefore, after deforestation, a short-term increase in the concentration of
cations (Ca?, Mg?, K*) in surface waters is observed [10,14]. However, in the long term,
this process leads to the depletion of cation pools in the soil and the acidification of surface
waters [9,15]. The effect of deforestation on stream water chemistry also varies depending
on the deforestation origin [16,17]. Changes in water chemistry after deforestation are thus
complex and depend on the timing of deforestation, the length of time after deforestation,
and the conditions of regrowth.

The Eifel Mountains in western Germany are excellent terrain for studying the effect
of changes in forest cover on the natural environment, as it is an area currently undergoing
dynamic changes in forest ecosystems. In recent years, the problem of the extinction of
spruce trees has become common here [18], and since 2004 young beech trees (Fagus
sylvatica L.) have been planted in many places in the Eifel National Park according to the
forest management plan [19]. In this context, the paper contributes to a better
understanding of changes in the environment on a regional scale. It has the potential to
be helpful in decision-making by competent authorities to respond appropriately to these
changes.

This area is also part of the Eifel/Lower Rhine Valley Observatory of the German
network TERENO (Terrestrial Environmental Observatories; www.tereno.net), including
the Wiistebach experimental catchment (50°3020" N 6°20'01" E) [20]. Complex monitoring
of hydrological, climatological, and soil characteristics has been carried out here since
2007 [21,22]. In 2013, a partial deforestation experiment was conducted in the Wiistebach
catchment, which affected the stream water chemistry. In this study, we hypothesize that
the partial clear-cut in the catchment resulted in an initial increase in the concentration of
ions (especially base cations) in the stream and an increase in the dissolved solute output
from the catchment. This hypothesis is verified by:

1. Characterizing the stream water ionic composition before deforestation in the
Wiistebach catchment and an adjacent undisturbed control catchment.

2. Identifying changes in stream water ionic composition and solute fluxes after
deforestation in both catchments.

2. Study Area
2.1. Site Description and Initial Conditions before the Deforestation Experiment

The Wiistebach catchment (38.5 ha) is located in the Eifel National Park in the
Rhenish Massif in western Germany. Together with the control catchment of the
Wiistebach tributary (11.4 ha), it forms the Wiistebach experimental site (Figure 1). The
elevation of the study area is between 595 and 628 m a.s.1. The slope inclinations are up to
10.4%, with an average inclination of 3.6%.
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Figure 1. Land cover map of the Wiistebach experimental catchment (as of 2020) and the location of
the measurement and sampling sites used for this study.

The area is dominated by fractured Lower Devonian shales of very low hydraulic
conductivity (10°-107 m s') with occasional sandstone inclusions [23]. The mineral
composition of shales is dominated by clay minerals (53-63 vol%), including illite (44
vol%), as well as quartz (38 vol%), albite (3 vol%), and K-feldspar (0.3 vol%) [24]. The
bedrock is covered by 1-2 m thick periglacial solifluction sediments with a top layer (0—
0.5 m) and a base layer (0.5-1.5 m). Both layers differ in terms of permeability, and the
base layer has a lower hydraulic conductivity than the top layer. On the hillslopes, there
are mainly Cambisols and Cambisol-Planosols, and in the riparian zone, Gleysols and
Histosols [25].

The average annual precipitation is approx. 1200 mm. The water budget before
deforestation was composed of 44% evapotranspiration and 56% runoff. Due to the low
permeability of the bedrock, the deep percolation of water may be neglected [26]. The
summer periods are characterized by low flows, while high flows occur mostly in winter
periods [27].

After the Second World War, both catchments were reforested with Norway spruce,
which is a dominant tree species (97% of forest biomass before deforestation) [28]. Besides
the coniferous forest, there are also patches of open vegetation covered by herbaceous
plants, fen sedges, ferns, and mosses [29].

2.2. Deforestation Experiment and Its Effect on the Catchment Hydrology

At the end of August and the beginning of September 2013, about 9 ha (22% of the
catchment area; Figure 2) of spruce forest in the Wiistebach catchment were clear-cut to
promote the regeneration of near-natural beech forest. A cut-to-length logging method
resulted in the remaining only 3% of the original biomass on-site (tree stumps and litter)
[30]. The clearing work was carried out with light machinery, and the work paths were
covered with tree branches to prevent soil compaction and thus minimize mechanical
disturbance of the soil [31]. The clear-cut area remained unmanaged for natural
revegetation, except for 2 ha, where sycamore (Acer Pseudoplatanus L.) was planted in 2017,
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while beech was planted in the remaining spruce forest (Figure 2). Between 2004 and 2019,
44% of the catchment area was planted with broad-leaved trees (unpublished data from
the Eifel National Park).

0 0.25 0.5km Bl sycamore
L L ] V//) clear-cut area

Figure 2. Planting areas of beech (Fagus sylvatica L.) and sycamore trees (Acer Pseudoplatanus L.)
together with the planting year in the Wiistebach experimental catchment (according to
unpublished data from the Eifel National Park) and the deforested area created in 2013.

Deforestation affected the catchment water balance [28]. However, the changes were
rather short-term [27]. The actual evapotranspiration was reduced by approx. 50% in the
deforested area, but it returned to pre-deforestation values within 2 years [32]. The
decreased evapotranspiration resulted in increased soil water content in the first 2 years
after deforestation, which led to an increase in stream runoff of about 10% in the first year
compared to the stream runoff before deforestation [22,28]. After deforestation, the
Wiistebach catchment also showed a more rapid response to rainfall events [33].

3. Materials and Methods
3.1. Data Collection

The field measurements of discharge and stream water properties, as well as a
sampling of the stream water, groundwater, and precipitation, were done by the
Agrosphere Institute of the Forschungszentrum Jiilich and the data are available online at
the TERENO data discovery portal (https://ddp.tereno.net/ddp/, accessed on 1 October
2022). Two gauging sites were used to compare changes in stream water chemistry: in the
Wiistebach catchment (Wul4) and in the control catchment (Wul7; see Figure 1). Stream
discharge was measured in 10-min intervals based on two weir types: V-notch for low
water levels and Parshall flume for high water levels. Water physical and chemical
properties such as water temperature, pH, and electrical conductivity, referred to as 25 °C,
were measured using multi-probes (YSI 6820, YSI Inc., Yellow Springs, OH, USA) in 15-
min intervals. The chemical composition of stream water based on weekly sampling
campaigns was measured: Cl, NOs-, SO+, NH«*, PO#* (with ion chromatography), Al*,
Fewt, Mn?, Ca?, Mg?, Na*, K* (with inductively coupled plasma-optical emission
spectrometry). The same physical and chemical parameters were determined for two
groundwater sampling sites in the Wiistebach catchment: the site located on the hillslope
ca. 60 m from the stream channel in the spruce forest (GW1) and the site located in the
riparian zone ca. 25 m from the stream channel in the area treated in 2013 (GW3). For more
information on field measurements and sampling, see Bogena et al. [21,22,27].

The daily precipitation totals were obtained from the Kalterherberg meteorological
station of the German Weather Service due to discontinuity in the data measured on-site.
Kalterherberg station is located 8 km west of the study area, and the precipitation data
correlate very well with the data from the Wiistebach station [26]. Rainwater sampling for
chemical analysis was performed at the TERENO Schoneseiffen site. The air temperature
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was measured in 10-min intervals at the TERENO KR1 meteorological station in the
Wiistebach catchment (Figure 1). Additionally, the snowpack was sampled in the
Wiistebach catchment: three times 1-2 m below the public road and four times in the
riparian zone of the main stream. All snowpack samples were collected in February 2022
in order to analyze their chemical composition.

3.2. Data Analysis

The average daily values of stream discharge (Q), temperature (Tw), electrical
conductivity (EC), and air temperature (Ta) were calculated and used for analyses. The
Penman-Monteith method [34] was used to estimate daily reference evapotranspiration
(ETo) using TERENO meteorological data. Concentrations of NH4* and PO4+?- were very
low, usually near or below the detection limit. Therefore, they were excluded from further
analysis. Since the groundwater Fewt concentration data contain a large number of gaps,
they were also excluded from the analyses. The concentration of HCOs~ was calculated as
the difference in the equivalent sum of base cations (Ca*, Mg?, Na*, K*) and acid anions
(CI, NOs7, SOx). The analyzed data cover two years in the pre-deforestation period (B1:
Sep 2011-Aug 2012, B2: Sep 2012-Aug 2013) and seven years in the post-deforestation
period (Al: Sep 2013-Aug 2014, A2: Sep 2014-Aug 2015, ..., A7: Sep 2019-Aug 2020). A
total of 411 water samples from the Wul4 sampling site and 408 water samples from the
Wul?7 sampling site were included in statistical analyses, as well as 309 groundwater
samples from the GW1 sampling site and 318 groundwater samples from the GW3
sampling site.

For the variables that did not conform to the normal distribution, the log
transformation was applied, and statistical analysis was based on standardized data. The
relationship between streamflow and other parameters (EC, pH, Tw, ion concentrations)
in the pre-deforestation period was determined using Pearson’s correlation coefficient. To
determine whether the differences between means of parameters before and after
deforestation were significantly different, a paired t-test was performed, with p < 0.05.
This method was chosen because it is one of the most popular statistical techniques used
to test differences between the mean values of the same subject measured at different time
points [35]. The pre-deforestation period was compared to each year after the clear-cut.

The daily stream output of each ion was calculated by multiplying the daily
discharge with ion concentration from stream sampling campaigns by assuming that each
sample represents the stream water chemistry of the previous 7 days. The daily total
precipitation input (wet and dry deposition) of each ion was calculated by multiplying
the daily amount of precipitation with ion concentration from rainwater sampling by
assuming that each sample represents the rainwater chemistry of the previous 7 days with
precipitation. The net stream output of each ion, indicating chemical denudation, was
defined as the difference between total stream output and precipitation input. All analyses
were based on the annual totals of stream outputs and the annual totals of precipitation
input.

4. Results and Discussion
4.1. lonic Composition of Streams and Groundwater in the Pre-Deforestation Period

The average EC in the period before deforestation was 250 uS cm in the Wiistebach
catchment and 61 uS cm™ in the control catchment. The average stream flow of the
Wiistebach was three times higher than that of the control stream (Table 1). The stream in
the control catchment represented the Ca-Mg-SO4 hydrochemical type, which is typical
for the Eifel region [36]. Stream and groundwater samples from the Wiistebach catchment
represented the same Na-Cl-type and were located at the hydrochemical facies of ocean
and brine waters in the Piper diagram, but ion concentration was much lower (Figure 3)
[37]. However, the ionic composition of the groundwater site located on the hillslope ca.
60 m from the stream channel (GW1) was slightly shifted towards the control catchment.
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This site, like the control catchment, is located in a spruce forest where beech trees were
planted. The ionic composition of the groundwater site located closer to the stream
channel (ca. 25 m, GW3) in the riparian zone was similar to the Wiistebach stream. This
may indicate the mixing of slope and channel waters in the riparian zone.

Table 1. Physical and chemical characteristics of stream water in the Wiistebach (Wul4) and the
control catchment (Wul7) in the pre-deforestation period.

Wuld Wul?

Characteristics Min  Average Max St.Dev. Min Average Max St.Dev.
Q(LsM 0.42 8.98 75.34 11.92 0.00 2.63 23.45 3.85
Tw (°C) 0.46 727 14.18 3.54 0.01 7.19 13.36 2.92
pH(-) 4.10 6.28 7.83 0.76 4.00 5.89 7.25 0.62
EC (uS cm™) 122.51 249.52 281.00 20.50 42.00 61.18 84.00 6.99
Na (mg L) 24.00 28.99 32.50 1.76 2.36 2.82 3.52 0.26
Ca (mg L) 5.40 7.64 9.76 0.94 2.60 3.12 4.35 0.22
Mg (mg L-1) 3.47 4.46 5.04 0.37 2.25 2.63 3.57 0.23
K (mg L) 0.11 0.73 3.00 0.35 0.05 0.44 1.97 0.19
NOs (mg L-1) 2.76 5.49 9.58 1.54 2.78 5.56 9.17 1.58
SO4 (mg L) 4.65 7.58 10.90 1.64 8.75 10.94 14.80 1.20
Cl (mg L) 48.90 63.13 71.30 4.96 3.37 5.01 6.12 0.40
Fe (mg L) 0.04 0.11 0.62 0.08 0.00 0.02 0.07 0.02
Al (mg L) 0.00 0.09 0.27 0.04 0.00 0.07 0.18 0.03
Mn (mg L) 0.04 0.11 0.33 0.04 0.00 0.01 0.07 0.02
HCOs (mg L) 0.01 2.13 13.51 3.41 0.04 3.51 14.76 2.49

100 100

Figure 3. The ionic composition of stream water in the Wiistebach (Wu14) and control catchment
(Wul?), groundwater on the slope (GW1) and in the riparian zone (GW3), and precipitation (P) in
the pre-deforestation period.
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In the Wiistebach, there were ten times higher concentrations of Na* and 12 times
higher concentrations of Cl-compared to the control catchment (Table 1). According to
Hem [38], bedrock typical for the Wiistebach catchment (predominantly shales) cannot
yield very high concentrations of chloride to normally circulating natural water. The only
reasonable explanation for the high concentration of Na* and CI- in this area is the use of
de-icing salt during winter months on the public road crossing the upper part of the
catchment [21]. Concentrations of Na* and CI- in the snowpack samples collected next to
the road were up to 70 times higher than the concentrations of these ions in the snowpack
located next to the stream channel, up to 130 times higher than average concentrations of
these ions in the control stream and up to 330 times higher than the concentrations of these
ions in the precipitation (Table 2). This indicates a large input of Na* and CI- into the
stream due to the application of de-icing salts on the motorway that crosses the study area.
The similar share of Na* and ClI- in the ionic composition of the stream water and both
groundwater sites in the Wiistebach catchment, analogous to the brines (Figure 3),
indicates that de-icing salts spread from the road to the stream at a distance of at least 300
m. The strong and long-term effect of using de-icing salt on increasing sodium and
chloride concentrations in stream water was also found in other catchments in Germany
[39] and around the world [40,41]. Kelly et al. [41] showed that despite the lack of
increasing use of de-icing salt in the catchment, the concentration of chloride in the stream
water was systematically increasing. The authors explain this with the increased storage
effect associated with the long-term use of de-icing salt and the subsurface build-up of salt
[41]. This may explain the high values of Na* and Cl-concentration in the Wiistebach also
at other times of the year when de-icing salt is not used. An additional source of higher
Cl- and Na* concentrations in surface water in the region can be sea-aerosols input [42], as
the area is located relatively close (220 km) to the North Sea.

Table 2. Maximum ion concentrations (mg L™) in the snowpack samples collected in February 2022:
S_road —samples taken 1-2 m below the road, S_riparian—samples taken from the riparian zone,
up to 10 m from the stream channel. Maximum ion concentrations in precipitation in February 2022
(Preb) are also given.

Lons Na Ca Mg K NOs SO4 Cl
S_road 393.00 9.94 1.44 3.06 1.00 7.00 600.00
S_riparian 5.63 0.46 0.67 0.54 1.20 2.10 9.40
Preb 1.17 0.21 0.17 0.07 0.46 0.50 2.49

Higher concentrations of Ca?, Mg? and K+ in the Wiistebach than in the control
stream result likely also from using de-icing salts that usually, apart from NaCl, contain
admixtures of CaClz, MgClz, and less often KCI [43]. A 9-fold greater concentration of Mn2*
in the Wiistebach stream compared to the control stream is probably associated with the
occurrence of a halfbog in the upper part of the catchment as streams flowing through a
bog are enriched with Mn?* [44].

In the Wiistebach, the significant negative correlation of EC, Na*, Ca?, Mg, Cl-, and
Fetwt with the streamflow (Figure 4a,b) indicates a decrease in ion concentration with the
increasing flow. Dilution of stream waters with rainwater or meltwater is a commonly
observed effect in many catchments around the world [6,45-47]. In the control catchment,
only pH, Cl~ and Few: show negative relation with streamflow. Considering the slight
variation in EC with the streamflow in the control catchment (Figure 4b), EC showed
rather a “chemostatic behavior” [48]. Most of the ions (Mg?, NOs-, SO+, Al**, and Mn?")
were positively correlated with streamflow (“mobilization behavior”), indicating washing
out solutes from upper soil layers by infiltrating rainwater [48-50]. Thus, during the high-
water stages, there is a large event water contribution (e.g., surface runoff, fast interflow)
in the Wiistebach catchment. In contrast, in the control catchment, shallow groundwater
flow (i.e., slow interflow) is dominant. This difference in runoff mechanisms is consistent
with the findings of Bol et al. [51], which could also explain the higher concentrations of
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SO+ and HCOs™ in the control stream compared to the Wiistebach stream (Table 1). An
additional source of SO4 ions in surface water in the control catchment may also be beech
litter, as 84% of the control catchment area was covered with beech trees planted in 2007
and 2014 (Figure 2). Beech trees have the ability to uptake more SO+ from the atmosphere
and accumulate it in leaves than conifers [52], which is manifested by higher
concentrations of this ion in surface waters in beech forests than in coniferous forests [53].

300
(@) (b) 250
Variable Q_Wul4d Q_Wul7 200
EC -0.53 0.05
pH -0.18 -0.29 a0
T 0.30 0.28 100
v ' ’ ~ 50—Wu14
Na -0.34 017 g,
Ca -0.66 0.03 (‘,j 0.1 1 10 100
Mg -0.66 035 2 300
g’ S
K 0.03 0.07 I 250 —\\y17
NO, 0.75 0.70 200
S0, 0.52 0.57 150
al -0.67 -0.26 o P T
Fe -0.23 -0.36 S0—T%=
0
Al 0.67 0.72 0.0010.01 01 1 10 100
Mn -0.19 0.80 QLs)

Figure 4. (a) Pearson’s correlation coefficients between stream discharge in the Wiistebach (Wul4;
N =93) and control catchments (Wul7; N = 93) and physicochemical properties of stream water in
the pre-deforestation period (Sep 2011-Aug 2013). Correlations bolded are significant at p <0.05. (b)
Relationship between daily streamflow (Q) and daily electric conductivity (EC) in both catchments
in the pre-deforestation period (data points are shown in blue, and the black line indicates a trend
line).

4.2. Changes in the Stream Water and Groundwater Chemistry due to Deforestation

According to t-test analysis, the post-deforestation period was not characterized by
significant differences in the precipitation totals compared to the pre-deforestation period,
with the exception of the third year after deforestation (A3: 2015/2016), which was
significantly wetter (Figure 5a,b). Nevertheless, in both catchments, the streamflow
increased significantly in the first three years after deforestation as compared to the pre-
deforestation period (Figure 5b). However, in the next four years, the flow was mostly
significantly lower than in the pre-deforestation period. EC in the Wiistebach was
significantly lower throughout the post-deforestation period than in the pre-deforestation
period. In contrast, in the control catchment, most of the time, EC did not differ
significantly from the pre-deforestation period. The temperature of both streams was
significantly higher throughout the entire post-deforestation period, which was connected
with a similar pattern of air temperature. However, in the post-deforestation period, the
annual average air temperature did not vary much (Figure 5a). The reference
evapotranspiration was the lowest in the third year after deforestation and increased
slightly in the fourth year after deforestation, but the changes were not statistically
significant (Figure 5a,b).
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Figure 5. (a) Annual totals of precipitation (P), reference evapotranspiration (ETo), and average
annual air temperature (Ta) in the study area in the pre- (Be) and post-deforestation (A1-A7)
periods. (b) Significant (colored) differences between the pre-deforestation period (Sep 2011-Aug
2013) and each year after deforestation (A1-A7) for P—precipitation, Ta—air temperature, ETo—
reference evapotranspiration, Q14 and Qi7—stream discharge at Wul4 and Wul7 measurement site,
ECus and ECi7—water electric conductivity at Wul4 and Wul7 measurement site, Twis and Twiz—
water temperature at Wul4 and Wul7 measurement site; average daily data for the whole period
analyzed. Light, medium, and dark blue colors indicate small, medium, and large decreases,
respectively (f > 1.96), and light, medium, and dark red colors indicate small, medium, and large
increases, respectively (t <-1.96).

The greatest differences between both catchments in the post-deforestation period
were found in EC and in the concentrations of Na*, Mn?" and Cl- (Figure 6a). The
concentrations of these ions were lower in the Wiistebach throughout the entire post-
deforestation period than in the pre-deforestation period, contrary to the control
catchment. The EC was also lower in the Wiistebach throughout the entire post-
deforestation period. At the same time, in the control catchment, EC did not differ from
the pre-deforestation period for most of the time. The concentrations of Ca* and Mg*
showed the same pattern in both catchments. They were significantly lower in the post-
deforestation period. However, in the control catchment, the differences were smaller
than in the Wiistebach (Figure 7). A similar pattern could be observed in groundwater
sites, except at the forest site. There were no significant differences for Na*, Mn?* and CI-
concentrations after deforestation most of the time (Figure 6b).

Our results differ from what was usually observed in other catchments, where there
was a short increase in the concentration of base cations immediately after deforestation
and a return to the pre-deforestation level after a few years [10]. However, a decrease in
Ca?, Mg?, and Na* concentrations after deforestation was also observed in other
catchments and explained by the increased runoff and associated dilution effect after the
clear-cut [54]. This dilution effect is especially visible in the Wiistebach catchment in the
case of Na*and CI-ions in both surface and groundwater. Webster et al. [10] demonstrated
that despite a short-term increase in the concentrations of CI- after clear-cutting, this ion
generally showed a decreasing trend in both treated and control catchments. The authors
explained this with the solubility and mobility mechanisms of low valence ions [10]. As
the Wiistebach catchment represents a higher salt storage environment compared to the
control catchment, which is not affected by road salting, Na*and Cl- ions could be tracers
of changing hydrological conditions. The relatively short and low increase in Wiistebach
runoff (10% in the first year after deforestation, according to Wiekenkamp et al. [28])
cannot fully explain either the long-term decline in EC and ion concentrations or the
decrease in Ca* and Mg?* concentrations in both streams. The decrease in ion
concentration may also be associated with rapid plant regrowth [55]. However, Ney et al.
[32] showed that especially in the first two years after deforestation in the Wiistebach
catchment, net ecosystem exchange was positive, and gross primary production was very
low in the clear-cut area, indicating the limited regrowth of vegetation during that time.
The long-term dilution effect in the case of Ca?, Mg?, and Mn?" in the stream and shallow
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groundwater in the Wiistebach catchment after deforestation probably resulted from the
negative net canopy exchange (foliar leaching), as the throughfall in the deforested area
equaled zero. In forest areas, throughfall is an important source of nutrients, especially
base cations, to soils, and net canopy exchange for Ca?* and Mg? is always positive [56].
An important source of manganese is foliar litter. As shown by previous studies, the
average concentration of manganese in the spruce needle litter was 2.45 mg g, which was
the highest value among the studied species of conifers and deciduous trees (including
beech—1.63 mg g) [57]. The same decreasing pattern in Ca?* and Mg?* concentrations in
the control catchment and groundwater in the forest, but less pronounced, was probably
the result of planting beeches, which could contribute to increased nutrient uptake, as
young trees are characterized by a higher net biomass increment compared to the older
forest [58,59].

(@) Wu14 - deforested catchment Wu17 - control catchment
A1 A2 A3 A4 A5 A6 A7 A1 A2 A3 A4 A5 A6 A7

ECh

Na
Ca

NO3
S04 |
Cl
Fetot
Al
Mn

(b) GW3 - treated area GW1 - forest
A1 A2 A3 Ad A5 A6 A7 A1 A2 A3 Ad A5 A6 A7

ECh
pH
Na
Ca
Mg

NO3
S04
Cl
Al
Mn

t-value <-10.00 -5.00 -1.96 1.96 5.00 >10.00
| I

Figure 6. Significant (colored) differences between the pre-deforestation period (Sep 2011-Aug
2013) and each year after deforestation (A1-A7) for (a) stream water and (b) groundwater. Average
daily values for pH and concentration of ions were analyzed; ECh—water electric conductivity was
measured at the time of sampling. Light, medium, and dark blue colors indicate small, medium,
and large decreases, respectively (f > 1.96), and light, medium, and dark red colors indicate small,
medium, and large increases, respectively (t <-1.96).
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Figure 7. Concentrations of selected ions (Ca?*, Na*, NOs~ and CI") in the post-deforestation period
(A1-A7) compared to the pre-deforestation period (Be) in the partially deforested Wiistebach
catchment (Wul4) and the control catchment (Wul7).

The higher K* concentrations in the first years after harvesting in the Wiistebach
could be related to deforestation, as the increase in K* concentrations was observed in
some deforested catchments [10,60]. However, higher K* concentrations in the control
stream and both groundwater sites indicate that deforestation is not the only reason for
this. The increased K* concentrations in the Wiistebach stream in the first two years were
indeed due to deforestation, while increased K* concentrations at forest sampling sites
(control stream and groundwater; Figure 6) throughout the whole post-deforestation
period might possibly result from beech planting in both catchments. The K* enrichment
in shallow soil was also observed up to 13 years after planting three-year-old trees in the
Hubbard Brook Experimental Forest [61]. The enrichment of exchangeable K* was
associated with the biocycling connected with the regrowth of young trees that
accelerated the weathering, accumulated cations in biomass, and returned K* to the soil
through decomposition [61]. In our study area, bedrock is rich in potassium (clay minerals
and K-feldspars), and planting 3-to-4-year-old beeches could accelerate the weathering of
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K+ from the soil. Additionally, beech foliage provides a higher input of K* to the soil
through litterfall, throughfall, and stemflow compared to spruce [56] because soft beech
leaves are very susceptible to leaching processes. The beech sheds its leaves every year
[62]. The lack of significant differences in K* concentrations in the Wiistebach in the last
years was probably a result of the natural regrowth of new trees in the deforested area.

Although the concentrations of NOs~ in the Wiistebach did not show a significant
difference in the first three years after deforestation, they increased slightly (Figure 7),
while NOs~ concentrations in the control catchment were significantly lower at the same
time (Figure 6a). The difference in NOs~ concentrations were even more pronounced
between groundwater sites. In the treated area, NOs~ concentrations were significantly
higher in the first two years after deforestation. In contrast, in the forest, they were
significantly lower compared to the pre-deforestation period (Figure 6b). This indicates
that partial deforestation resulted in increased NOs~ concentrations in the Wiistebach
stream and groundwater in the first 2-3 years after deforestation, which is in line with the
findings of Robinson et al. [63]. The increase in NOs~ concentration was observed in many
deforested catchments and was associated with increased leaching and reduction in
nutrient uptake by biomass [17,54,64].

The pH and concentrations of other ions (Fewt, SOs-, Al**) changed in a similar way in
both catchments or in both groundwater sites, and they cannot be directly related to
deforestation. The pH of stream water and concentrations of Fetwt were significantly higher
for most of the post-deforestation period in both streams. However, the pH of
groundwater did not change significantly for most of the study period. The increased pH
and Feuwt concentrations in the studied catchment after deforestation were also reported
by Wang et al. [65], who related it to climate change, especially to increased temperatures.
The concentration of SO~ did not change significantly after deforestation in both streams,
which also stays in line with Wang et al. [65]. However, the concentration of SO+ was
significantly higher for most of the post-deforestation period in both groundwater sites.
The Al** concentrations were significantly higher for three years after deforestation in both
streams. They were then significantly lower than before deforestation in the Wiistebach
(Wul4) or did not differ significantly from the pre-deforestation period in the control
stream (Wul7), reflecting changes in the stream flows (Figures 5b, 6a). At both
groundwater sites, the Al* concentration was significantly lower throughout the post-
deforestation period.

4.3. lon Fluxes in the Headwater Catchment after Partial Deforestation

In the control catchment, the average total annual ion stream outputs were low and
ranged from less than 2.0 t km= a™! (Na*, Ca*, Mg*) to about 4.0 t km2 a' (NOs~ and Cl;
Figure 8). Only total annual SO4 stream output was higher with approx. 8.0 t km2 a and
total annual K* stream output was usually below 0.5 t km2 a™. The total annual stream
output of HCOs- was approx. 1.0 t km= a~! and the total annual stream outputs of the rest
of the ions (Al*, Fewty, Mn?) were very low (approx. 0.03 t km2 a”; not shown).
Precipitation was an important source of most ions in the studied stream. About 50-60%
of the total Na*, NOs-, and Cl- outputs and about one-third of the total Ca*> and Mg
outputs are derived from the atmospheric input (Table 3). This confirms the supply of sea
salt aerosols in the region [42].
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Figure 8. Annual solute fluxes (t km™2 a™) in stream water and precipitation together with runoff
(mm) and precipitation (mm) in the partially deforested Wiistebach catchment (Wul4) and the

control catchment (Wul7).
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Table 3. The share of atmospheric input (%) in the total stream output in the Wiistebach (Wul4) and
control catchment (Wul?).

Lon Wuld Wul?7
Na 5 56
Ca 15 38
Mg 16 28
K 91 176
NOs 46 60
SOu 21 18
Cl 4 49

In the Wiistebach, the average total annual ion outputs were at least a factor of two
higher than in the control stream ranging from 2.0-3.0 t km= a* (Mg?* and HCOs") to 5.0 t
km=2 a7 (Ca? and NOs), and less than 1.0 t km?2 a™! for K+ (Figure 8). The total annual
stream output of Na* and CI- were ten times higher and were approx. 20 and 40 t km=2a™
respectively. However, the total SOs+ stream output was lower than in the control stream
(7.0 t km= a'). The total annual stream outputs of Al*, Fett, and Mn?* were also higher by
approx. 0.1 t km=2 a™ (not shown). Large differences between the stream outputs and the
precipitation inputs in the Wiistebach, as opposed to the control catchment, support the
origin of ions from road salting. This was especially true for Cl, Na*, and Ca?, but also,
to a lesser extent, for Mg? and K*. The share of precipitation input in the total output from
the Wiistebach catchment was much smaller for these ions than in the control catchment
(Table 3). Assuming that the control catchment is not affected by using de-icing salts, the
road salting inputs in the Wiistebach catchment calculated based on the precipitation
share for Na*, Ca?*, Mg?, K, and CI- ions were, on average, 88%, 53% 18%, 53%, and 90%,
respectively, of the original stream output. Although these are only rough estimates, they
show how significant the impact of road salting on the solute fluxes in the headwater
catchment is.

The average net output (difference between total stream output and precipitation
input) of K* in the control stream was negative (0.2 t km a™; Figure 8). This means that
the total output of K* in the control stream was lower than the atmospheric input and the
share of the precipitation input of K* was above 100%. Although we present the same
inputs with open rainfall in both catchments, it can be expected that the K* input with
throughfall in the spruce forest in the control catchment was even greater. According to
former studies, net canopy exchange for K* is always positive, which indicates the
throughfall input is higher than the total open rainfall input [56]. In the forested control
catchment, low K* concentrations (almost two times lower than in the Wiistebach) and
low stream flow (over three times lower than in the Wiistebach) together with the large
supply of K*ions with precipitation resulted in always negative K* net stream output. The
opposite pattern was in the Wiistebach catchment, where the average net output of K* was
positive (0.1 t km=2 a™), which might be associated not only with the delivery of de-icing
salt from the road but also with partial deforestation, as the average net output of K* before
deforestation was negative. Strongly limited uptake by trees in the first three years after
deforestation and washing K* ions out to the stream together with lower input of K* with
open rainfall resulted in the positive net K*stream output.

Changes in annual net stream outputs of most of the ions (Na*, Ca%, Mg?, K*, NOs",
SO4~ and CI") in the control catchment followed the changes in stream runoff throughout
the whole study period (Figure 8). In the Wiistebach catchment, this pattern was also
present, but with some exceptions. Although there was a slight increase in stream runoff
(by 5%) in the Wiistebach in the first year after deforestation (Al), most of the ion net
outputs in the stream decreased by 5-7% (i.e., Na*, Mg?, Cl-, SO+). The Ca?* net stream
output did not change significantly compared to the previous year (B2). The decline in
these ion outputs was even greater in the second year after deforestation (A2): from 6%
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for SO+ to 24% for Ca? and Cl, although then the runoff decreased only slightly (by 5%).
A decline in solute output from the catchment area shortly after deforestation was rarely
reported. Even in catchments where a decrease in ion concentration in the stream after
deforestation was recorded, the ion flux rates increased as stream runoff increased [54,60].
The study area represents a nutrient-limited environment, as evidenced by the low EC in
the control catchment. The main source of solutes is the atmospheric input, especially the
throughfall in the spruce forest. The 22% clear-cut of the catchment area caused a dilution
of surface waters with low mineralized open rainfall and, as a result, a significant decrease
in ion concentrations and outputs in stream water.

The K* and NOs™ net stream outputs in the Wiistebach catchment showed a different
pattern than in the control catchment. In the Wiistebach, they regularly increased in the
first three years after deforestation, by 389%, 70%, and 8% respectively for K*; and by 14%,
57%, and 31% respectively for NOs, regardless of whether the stream flow was increasing
or decreasing during this time (Figure 8). However, from the fourth year after
deforestation to the end of the study period, changes in the K* and NOs~net stream outputs
followed changes in the stream flow. This is consistent with the increased concentrations
of K* in the first two years after deforestation and the increased concentrations of NOs~ in
the first three years after deforestation in the Wiistebach stream. K* and NOs~ are the ions
that showed the strongest and longest response to the clear-cutting also in other
catchments: the initial increase in ion concentrations was followed by a decrease [10,17].

The changes in net stream output of Al%*, Fewt, Mn?* and HCOs~ did not follow the
changes in stream flow in both catchments. Moreover, the changes were identical in both
catchments (Figure 9). This indicates that the fluxes of these ions were controlled to a
greater extent by other environmental factors than the runoff or land cover. The fluxes of
Al*, Few, Mn?» and HCOs™ in the study area were generally very low, and the lack of
differences between the two catchments may have resulted from generally limited sources
of these ions.

Wul4g Wul7

Fe Al Mn  HCOs Q Fe Al Mn  HCOs;

0.02  -0.02 0.01 2.82 0.85 0.02 -0.01 -0.01 4.01
-0.32 -0.37 -020 -3.07 -120 -036 -042 -0.22 -5.45
-019 -0.16 -0.18 0.48 1.00 -0.16 -0.12 -0.14 -2.46

0.18 0.39 U 0.77 1212 okl 0.37 =012 1.28
-0.13 0.00 0.08 -1.71 -2.88 -0.04 0.03 0.11 2.02
-0.06  -0.02 0.02 =012 091 -0.10 -0.04 0.00 -0.10

0.13 0.03 0.05 0.78 0.45 0.17 0.04 0.07 OL74
-0.38 -002 -002 -2.88 -047 -039 -0.04 -0.02 -4.14

Figure 9. Changes in annual discharge (Q; 1 s') and chosen ions net stream outputs (t km=2 a™)
compared to the previous year in the partially deforested Wiistebach catchment (Wul4) and the
control catchment (Wul7): B2—second year before deforestation (2012/13), A1-A7—seven years
after deforestation (2013/14-2019/20). Red —increase (>0 t km™2 a™), blue—decrease (<0 t km2 a™?).

5. Conclusions

The results of the research do not allow us to fully accept the hypothesis of an initial
increase in the ion concentration and solute fluxes in stream water after partial
deforestation. Only K* and NOs~ions showed increasing trends in both concentrations and
fluxes in the partially deforested catchment in the first two to three years after
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deforestation. Other ions, especially base cations (Na*, Ca*, Mg?), showed decreasing
trends in concentrations and fluxes at the same time. The strong dilution effect of the
Wiistebach stream after deforestation was due to, on the one hand, the lack of disturbance
of the soil cover during logging works and limited soil erosion, and on the other hand, the
reduction of the supply of solutes with precipitation in the open deforested area. The short
response time of the stream’s chemistry to deforestation was likely due to the relatively
small deforested area (22% of the catchment area) and the quite rapid revegetation of the
deforested area two years after logging.

Significantly lower EC and concentrations of Na*, Ca%, Mg?, and Cl-ions compared
to the pre-deforestation period in the Wiistebach catchment persisted in the second half
of the research period (A4-A7). This is probably the result of the growth of young native
and planted trees, which take up considerable amounts of nutrients. The same pattern,
decreasing in Ca? and Mg? concentrations, was observed in the control catchment, where
beech trees had been planted since 2007 in 84% of the catchment area. However, Na* and
Cl- concentrations increased in the post-deforestation period in the control catchment in
contrast to the Wiistebach catchment. This means that in catchments where about 90% of
Na* and CI- are supplied with road salting, these ions can be treated as indicators of
changes in hydrological conditions. Changes in the stream ion outputs (Na*, Ca?, Mg?,
K*, NOs7, SOs and CI) in the second half of the research period (A4-A7) indicate neither
deforestation nor tree planting effects, but only followed the changes in the stream flow
in both catchments.

Changes in the forest ecosystem, i.e., spruce die-off and species changes, are common
in the Eifel region and in many places in Europe where monoculture spruce plantings had
been carried out. We anticipate that in a nutrient-limited environment, spruce die-offs
associated with long-term droughts and bark beetle gradation may result in a decrease in
the concentration and fluxes of base cations in surface water. However, our results also
show that the simultaneous planting of young broad-leaved trees with post-harvesting
regrowth could create a nutrient sink that protects the catchment area from nutrient
depletion.
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