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Deforestation has a wide range of effects on hydrological and geochemical

processes. Dissolved organic carbon (DOC) dynamics, a sensitive

environmental change indicator, is expected to be affected by deforestation,

with changes in atmospheric sulfur (S) deposition compounding this.

However, how precisely anthropogenic disturbance (deforestation) under a

declining atmospheric S input scenario affects the underlying spatiotemporal

dynamics and relationships of river DOC and sulfate with hydro-climatological

variables e.g., stream water temperature, runoff, pH, total dissolved iron

(Fetot), and calcium (Ca2+) remains unclear. We, therefore, examined this

issue within the TERENO Wüstebach catchment (Eifel, Germany), where

partial deforestation had taken place in 2013. Wavelet transform coherence

(WTC) analysis was applied based on a 10-year time series (2010–2020)

from three sampling stations, whose (sub) catchment areas have different

proportions of deforested area (W10: 31%, W14: 25%, W17: 3%). We found

that water temperature and DOC, sulfate, and Fetot concentrations showed

distinct seasonal patterns, with DOC averaging concentrations ranging from

2.23 (W17) to 4.56 (W10) mg L−1 and sulfate concentration ranging from 8.04

(W10) to 10.58 (W17) mg L−1. After clear-cut, DOC significantly increased

by 59, 58% in the mainstream (W10, W14), but only 26% in the reference

stream. WTC results indicated that DOC was negatively correlated with runoff

and sulfate, but positively correlated with temperature, Ca2+, and Fetot. The

negative correlation between DOC with runoff and sulfate was apparent over

the whole examined 10-year period in W17 but did end in W10 and W14

after the deforestation. Sulfate (SO4) was highly correlated with stream water

temperature, runoff, and Fetot in W10 and W14 and with a longer lag time

than W17. Additionally, pH was stronger correlated (higher R2) with sulfate

and DOC in W17 than in W10 and W14. In conclusion, WTC analysis indicates

Frontiers in Forests and Global Change 01 frontiersin.org

https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://doi.org/10.3389/ffgc.2022.1044447
http://crossmark.crossref.org/dialog/?doi=10.3389/ffgc.2022.1044447&domain=pdf&date_stamp=2022-11-07
https://doi.org/10.3389/ffgc.2022.1044447
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/ffgc.2022.1044447/full
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-05-1044447 November 1, 2022 Time: 14:38 # 2

Wang et al. 10.3389/ffgc.2022.1044447

that within this low mountainous forest catchment deforestation levels over

25% (W10 and W14) affected the coupling of S and C cycling substantially

more strongly than “natural” environmental changes as observed in W17.

KEYWORDS

dissolved organic carbon, sulfate, runoff, deforestation, wavelet transform coherence

Introduction

As one of the most important indicators of the dynamics of
an ecosystem, dissolved organic carbon (DOC) plays a key role
in biogeochemistry and hydrological nutrient cycling, like in
acid-base chemistry, metal export, mobility, and carbon budgets
of surface water (Dinsmore et al., 2010; Laudon et al., 2011).
DOC dynamics are affected by complex processes, multiple
environmental factors, and also anthropogenic disturbances.
As a common strategy of forest management, deforestation
(clearcut or selective) is an ongoing widespread phenomenon
in Europe (Sánchez-Robles et al., 2022), and it exerts a strong
effect on hydrological and hydrochemistry processes (Sajdak
et al., 2021). Many studies have reported the change of
DOC concentrations after clear-cutting (Schelker et al., 2012,
2014; Drake et al., 2019). Generally, DOC concentrations tend
to increase after deforestation. This result attributes to the
changes in the environmental variables after deforestation, like
precipitation and temperature (Evans et al., 2005; Oni et al.,
2013; Pumpanen et al., 2014), which highly affects the carbon
cycling processes in the forested catchment. Additionally,
deforestation would induce effects on DOC by changing
hydrological processes. Runoff tends to increase in the short
term after forest clear-cutting (Schelker et al., 2013), leading
to an increase in nutrient loads (Webb et al., 2012). Also, the
stream temperature variability tends to increase after logging
(Oanh et al., 2021; Griffith and Kiffney, 2022), which further
affects DOC dynamics (Wen et al., 2020).

Global climate change does affect the relative impact
of disturbance rates (Dale et al., 2001). The direct impacts
of deforestation are more prominent compared to climate
warming in the impairment of water quality (Kong et al., 2022).
However, the decline of atmospheric S inputs since the 1980s,
most pronounced in Europe and the USA, affected the related
nutrient dynamics in various ecosystems (Burns et al., 2006;
Erlandsson et al., 2008; Li et al., 2019). Sulfur is one of the
elements tightly coupled with carbon. Chuman et al. (2021)
noted that that the soil organic carbon (C) stocks in the forest
floor were best explained by the temporal trends in historical
sulfur deposition and the forest type across the Czech Republic.
It confirms that that S deposition has a great impact on the
C cycling in the forest ecosystems. Meanwhile, there are clear
signs of ecosystem recovery, e.g., increase in water pH appeared

in water since the reduction of SO2 emission in European and
North American countries (Aas et al., 2019). Sulfur deposition
affects the soil pH and furthers the solubility of DOC and sulfur
(Goller et al., 2006), while high soil water acidity leads to lower
DOC solubility. Lepistö et al. (2021) showed that the sulfate
(SO4) concentration had a strong significant correlation to total
organic carbon (OC) explaining more than 65% of the change
in total OC changes. This result underlined the importance of
sulfate as a driver of carbon change even though the sulfur
deposition has already decreased to a lower level. It indeed
turns out that the decline of S deposition is one of the key
factors of increasing DOC in European and North American
waters (Erlandsson et al., 2008; Xu et al., 2020). Therefore,
information is warranted on how deforestation affects the
underlying dynamics of C and S dynamics under a declining
or lower S deposition scenario. This will also contribute to the
wider understanding on how anthropogenic disturbance affects
nutrient cycling in ecosystems under climate change.

As we mentioned previously, the solubility of DOC and
sulfur could be modified by changes in pH values, this may
affected their binding to mineral elements, such as iron, and
calcium (Stolpe et al., 2013; Hirst et al., 2022). In soils, carbon
is often bound to iron phases and can be released as DOC,
by binding with organic matter in surface complexes and
aggregates, iron minerals do play an important role in the
retention of carbon belowground (Bhattacharyya et al., 2018a,b),
and the increasing adsorption of DOC by minerals resulting
from desorption of sulfate (Borken et al., 2011). For surface
water, DOC concentration shows a positive correlation with
iron, and DOC exports partly be caused by increasing activities
in iron reduction (Knorr, 2013). Sulfate concentration also links
with iron forms and the release of metal elements in water
(Yang et al., 2014; Sun et al., 2017). The rising organic carbon
concentration tends to coincide with iron increases, and this
phenomenon may be linked to the declining sulfur deposition
(Björnerås et al., 2017). Additionally, seasonal variations of
DOC concentration and transportation are highly driven by
water temperature (Rosset et al., 2020). For example, Egea
et al. (2019) found that water temperatures positively affected
DOC transportation. Hence, how deforestation affects the
spatiotemporal relationship between DOC/sulfate and some
chemical/hydroclimatic variables (e.g., temperature, runoff,
iron, calcium, pH) needs to be addressed.
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As a part of the TERENO1 network (Bogena et al., 2018),
observations in the Wüstebach catchment were established
to address some specific hydrological and biogeochemical
questions by providing detailed monitoring of changes from
environmental disturbances (Bogena et al., 2015; Wiekenkamp
et al., 2016, 2019; Gottselig et al., 2017). Based on the observation
platform, Bol et al. (2015) studied the spatiotemporal variations
of dissolved organic matter during a 4-year period (2009–
2013), covering both stream water and groundwater DOC
quality and quantity. They demonstrated that sub- and
whole-catchment streams had differences in DOC, pH, and
iron dynamics, and extremely dry weather had little effect
on stream water catchment chemistry. Another study in
this catchment quantified and highlighted the contributions
of particulate, colloids, and nanoparticles to weather-driven
organic carbon, nitrogen, phosphorus, and sulfur losses (Burger
et al., 2021). Weigand et al. (2017) examined the spatio-
temporal relationships between DOC and nitrate before the
clear-cut by using Wavelet analysis. Their results indicated that
water transit time was a key driver for the carbon/nitrogen
relationships. Carbon and nitrogen transport in stream water
can be explained by the mixing of groundwater and subsurface
runoff. In 2013, a part of the spruce trees (23% of the catchment
forestation) was logged mostly close to the stream. Several
studies reported the effects of this disturbance on hydrological
fluxes, for example, the transit time distribution (Stockinger
et al., 2016) and water flow paths (Bogena et al., 2020). The
deforestation in the Wüstebach catchment caused an increase
in discharge and sequential flow occurrence (Wiekenkamp
et al., 2016, 2019). Altogether, the detailed monitoring data sets
provide deep insights into the hydrological effects before and
after the disturbance.

Wavelet analysis overcomes the well-known limits of the
widely known Fourier transform, which is not suitable for non-
stationary signals with fluctuations as they frequently occur in
hydrology. It accounts for non-stationary relationships among
data sets and is an effective tool that has been widely applied in
hydrology (Labat, 2005; Carey et al., 2013; Graf et al., 2014; Su
et al., 2019). We use wavelet analysis to investigate the effects
of deforestation on the spatio-temporal relationships between
stream water DOC and sulfate (SO4) concentrations and other
variables (i.e., water temperature, runoff, iron, calcium, and pH).

Materials and methods

Experimental site

The study site Wüstebach catchment (50◦30′N, 6◦20′E),
Germany, is located in the Eifel National Park. It is also

1 www.tereno.net

part of the Eifel/Lower Rhine Valley Observatory of the
Terrestrial Environmental Observatories (TERENO) network,
(see text footnote 1) which is a large-scale project aimed at
monitoring the long-term impacts of environmental change
on a regional scale. The site was equipped with measurements
starting in 2004. Norway spruce [Picea abies (L.) Karst.] and
Sitka spruce [Picea sitchensis (Bong.) Carrière] are dominating
the vegetation (Etmann, 2009). There are mainly four soil
types including Cambisols and Planosols (according to the
World Reference Base; IUSS Working Group, 2006) in the
drier regions and Gleysols and Histosols around the stream
(Figure 1). The climate is humid temperate with a mean
annual precipitation of ∼1,200 mm (Bogena et al., 2010)
and a mean annual temperature of 7◦C (Zacharias et al.,
2011). The investigated catchment has an area of 38.5 ha with
altitudes ranging from 595 to 628 m (Stockinger et al., 2014;
Bogena et al., 2015).

In late summer (August–September) of 2013, ∼8.6 ha of
spruce trees [Picea abies L. and Picea sitchensis (Bong.) Carrière,
planted ∼1948] were logged (97% of the forest biomass) close
to the stream (22.3% of the catchment forestation) to allow
for the natural regeneration of deciduous forest (Figure 1).
In our study, there are 30.81 and 25.36% of the deforested
area in W10 and W14, respectively. A smaller tributary
catchment (11.4 ha), situated immediately northeast of the
Wüstebach (Figure 1), was used as a reference catchment for
comparison purposes because it has similar site specifics but
little deforested (3.07%).

Runoff is measured by both of a V-notch weir and
a Parshall flume, for water levels below 5 cm and water
levels greater than 10 cm, respectively. Runoff associated
with intermediate water levels is computed as a linear
combination of both (Bogena et al., 2015). Water chemistry
properties are measured in the laboratory with weekly
samples collecting. DOC is determined as non-purgeable
organic carbon with a Shimadzu TOC-VCPN analyzer, sulfate,
dissolved calcium (Ca2+), and total dissolved iron (Fetot)
are measured using ion chromatography. Water temperature
and pH were measured manually at each sampling station
using field instruments (WTW, Xylem Inc., Bol et al., 2015).
Details about sampling and measurement can be found in
Bogena et al., 2015, 2018.

Statistical and wavelet analysis

Equidistant and continuous data sets were needed for
the wavelet analysis. Therefore, data gaps were gap-filled
before the analysis. For DOC, sulfate, temperature and runoff,
weekly data from 4th January 2010 to 30th December
2019 (522 weeks) were used, for Fetot, Ca2+ and pH,
weekly data from 4th January 2011 to 30th December 2019
(470 weeks) were used. Descriptive statistics for these datasets
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FIGURE 1

Map of Wüstebach catchment including soil type, the three water sampling stations (W10, W14, W17) and their (sub) catchment area (modified
from Wiekenkamp et al., 2016).

(Supplementary Table 1) and gap-filling methods are described
in Supplementary material.

The Wavelet Transform Coherence (WTC) is a correlation
coefficient localized in time and frequency space and is used
to quantify the degree of the linearity relationship between
two non-stationary series in the time and frequency domains
(Cazelles et al., 2008). WTC analysis reveals regions in this
time-frequency space where time series of two variables
covary but do not necessarily have high power. In addition,
it accounts for the frequency, duration, degree, and point
in time of the correlation within the investigation period,
as well as possible lagging between the two compared
variables (Weigand et al., 2017). Before the WTC can be
calculated, continuous wavelet transforms (CWT) need to
be calculated. A wavelet is a function with zero mean
localized in both frequency and time. In particular, the
Morlet wavelet used here is defined as in Grinsted et al. (2004).

ψ0 (η) = π−
1
4 eiω0ηe−

1
2 η2 (1)

where ω0 is dimensionless frequency and η is dimensionless
time, i is the imaginary part.

The effect of CWT is to apply the wavelet as bandpass filter
to the time series. The wavelet is stretched in time by varying
its scale (s), so that η = s?δt, and normalizing it to have unit
energy. For the Morlet wavelet (with ω0 = 6) the Fourier period
(λωt = 1.03 s) is almost equal to the scale (λωt = 1.03 s). The
CWT of a time series (xn, n = 1, . . . , N) with uniform time

steps δt, is defined as the convolution of xn with the scaled and
normalized wavelet.

WX
n (s) =

√
δt
s

N∑
n′=1

xn′ψ0

[
(n′ − n)

δt
s

]
(2)

The detailed definition of WTC can be found in Labat
(2005); Weigand et al. (2017), and Su et al. (2019). Grinsted et al.
(2004) defined the WTC of two time series as follows:

R2
n (s) =

|S(S−1WXY
n (s))|2

S
[
(s−1|(WX

n (s))|2
]
S
[
(s−1|(WY

n (s))|2
] (3)

S is the smoothing operator; s is the scale. X is the time series
x = [xn], and Y is the time series y =

[
yn

]
. A smoothing operator

(Stime) is used that has a similar footprint to the Morlet wavelet
(Torrence and Webster, 1999):

Where Sscaleis the smoothing along the wavelet scale
x-axis and Stime is the smoothing in time. The thin solid line
indicates the cone of influence (COI), the 95% confidence
level based on Monte Carlo test is indicated by thick black
contour lines. In the graphical representations, the x-axis
indicates the time and the y-axis displays the periods (in
weeks). The direction of the arrows indicates both the
orientation of the correlation and the time delay between
the two variables. Right-directed arrows indicate positive
relationships (in-phase), while left-directed arrows indicate
negative relationships (anti-phase). An upward-pointed
arrow means the second variable lags behind the first
by 90◦ (one-fourth period, at a period of 64 weeks this
equals 16 weeks).
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In this study, the WTC analysis was conducted using
the Matlab package developed by Grinsted et al. (2004). The
differences in variables among the 3 observation sites were
tested by the One-Way ANOVA method (Duncan significant
differences P = 0.05) in SPSS 26.

Results

Dynamics of variables

The average DOC concentrations were 4.56 mg L−1

(± 2.44), 3.52 mg L−1 (± 1.90), and 2.24 mg L−1 (± 1.10) in
W10, W14, and W17, respectively. The average sulfate (SO4)
concentrations were 7.68 mg L−1 (± 1.75, W14), 8.04 mg
L−1 (± 2.11, W10), and 10.85 mg L−1 (± 1.41, W17). The
temperature in W10 (8.70◦C) and W14 (9.13◦C) was significantly
higher than in W17 (8.04◦C) (Supplementary Table 1 and
Supplementary Figure 1). The DOC, Fetot concentration, and
DOC/sulfate ratio in W10 were significantly higher than in
W14 and W17. The Ca2+ concentration in W10 (5.91 mg L−1)
and W14 (6.83 mg L−1) were obviously higher than that in
W17 (3.05 mg L−1). The sulfate concentration in W17 was
significantly higher than in W10 and W14 (Supplementary
Table 1 and Supplementary Figure 1).

Runoff, temperature, DOC, sulfate, and DOC/sulfate
ratio all showed obvious seasonal patterns (Figure 2 and
Supplementary Figure 2). The highest temperature, DOC
concentrations, and DOC/sulfate ratios showed in the summer,
while the lowest values showed in the winter. The highest sulfate
content was mostly observed in winter and the lowest was
mostly in summer. Compared with runoff and sulfate, the DOC
concentrations showed more interannual variability, including
an increasing trend, and the fluctuation was higher after the
deforestation at all 3 stations. Fluctuations in W10 and W17
were higher and lasted longer compared to W17. At none of
the stations pH showed a clear seasonal pattern. Fetot and
Ca2+ concentrations in W10 and W14 showed more obvious
seasonal patterns and higher values than in W17, where the
concentrations peaked in summer (Figure 3).

Runoff and sulfate concentration in the 3 observation
stations showed slight change after the deforestation,
however, temperature, DOC, DOC/sulfate ratio, pH, Fetot

and Ca2+ changed significantly (Figure 4). Specifically, DOC
concentrations in W10, W14, and W17 were 5.25, 4.05, and
2.41 mg L−1 after deforestation, corresponding to an increase
by 59, 58, and 26%, respectively. Similarly, the DOC to sulfate
ratio significantly increased by 66, 68, and 27% in W10, W14,
and W17, respectively. The temperature in W10, W14, and
W17 increased from 6.90, 7.14, and 7.01◦C to 9.66, 10.21, and
8.59◦C, respectively. The Fetot concentrations in W10, W14,
W17 increased from 0.17, 0.11, 0.02 mg L−1 to 0.28, 0.19,
0.05 mg L−1, respectively. However, the Ca2+ concentrations

in W10, W14, W17 decreased from 6.25, 7.43, 3.22 mg L−1 to
5.78, 6.59, 2.98 mg L−1, respectively.

Wavelet transform coherence analysis

Regarding the WTC results of runoff, DOC, sulfate, and
DOC/sulfate ratio, disconnected patches of significant high
correlations for periods < 32 weeks at all the stations were
observed at all stations (Figure 5). Runoff and DOC had
negative relationships at all stations in the 32–64 weeks
period. In W17 (Figure 5G), this correlation lasted throughout
the whole investigated period, while in W10 and W14
(Figures 5A,D), the correlation ended in the summer of 2017.
The dominating phase shift indicated runoff led DOC by 45◦ at
all stations, which means runoff peaked between 4 and 8 weeks
before DOC. Runoff and sulfate had positive relationships from
32 to 100 weeks period at all stations (Figures 5B,E,H). The
dominating phase shifted to a perfect positive correlation after
2015. It is worth noting that strong coherence between runoff
and sulfate was observed at a long-term scale (128 weeks
period onward) in W10 and W14, but not in W17. With
DOC/sulfate ratio lagging by 45◦ to a perfect anti-phase
correlation, DOC/sulfate ratio showed a negative correlation
with runoff. This correlation showed in the 32–64 weeks period
at all stations (Figures 5C,F,I).

Considering the wavelet results between temperature and
DOC, sulfate, and their ratio (Figure 6), perfect positive
correlations were observed between temperature and DOC, and
DOC/sulfate ratio in 32–64 weeks period in W10, W14, and
W17. Conversely, anti-phase correlations between temperature
and sulfate in the 32–64 weeks period were found in all stations
(Figures 6B,E,H). Also, compared with W17 (Figure 6H),
there was no considerable change in terms of phase shift,
and frequency band in the 32–64 weeks period in W10 and
W14. However, the correlation changed to a period of ca.
80–100 weeks from 2013 to 2015 in W10 and W14, with
sulfate leading temperature by approximately 45◦ and a larger
frequency band showed around 128 weeks period from 2010 to
2014 (Figures 6B,E).

DOC and sulfate in W17 had an almost perfect negative
correlation from period lengths of 32 to 64 weeks (Figure 7G).
The correlation lasted over the entire period investigated.
Different from W17, the profound correlation between DOC
and sulfate between 32 and 64 weeks vanished in 2017. In
addition, DOC and sulfate negatively correlated in W10 and
W14 for periods of about 100–128 weeks (Figures 7A,D). For
the wavelet results between Fetot and DOC, sulfate, positive
relationships between Fetot and DOC were observed in all
stations, with Fetot either leading DOC by about 45◦ or in
phase (Figures 7B,E,H). In the mainstream (W10, W14), the
correlation between Fetot and DOC occupied a larger frequency
band and longer period lengths than in W17. Specifically,
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FIGURE 2

Time series of dissolved organic carbon (DOC)/sulfate with runoff and temperature, respectively at the three Wüstebach catchment stations
(W10, W14, W17). The vertical red line indicates the moment deforestation occurred in late summer 2013.

in-phase relationships between Fetot and DOC were found in
the 32–100 weeks period in W10, in the 32–80 weeks period
in W14, and in the 40–64 weeks period in W17. Almost anti-
phase relationships were observed between Fetot and sulfate
in the 32–64 weeks period in three stations from 2011 to
2019 (Figures 7C,F,I). However, from 2015 in W10 and 2013
in W14, the correlation between Fetot and sulfate showed a
higher frequency band (100–128 weeks period) with sulfate
leading to Fetot by a 45◦ (Figures 7C,F), which was not
observed in W17. Additionally, in W17, a short-term correlation
between Fetot and sulfate was observed in the 16–24 weeks
period during 2012–2016, which was not found in W10 and
W14.

In W10 and W14, the pH only correlated with DOC in a
short-term period (2011–2013) or had no significant correlation
with DOC (Supplementary Figures 3B,F). However, in W17,
a remarkable relationship was found between pH and DOC
from 2011 to 2014 and from 2016 to 2019 in the 32–
64 weeks frequency band (Supplementary Figure 3J). It is
obvious that pH is better correlated with sulfate than DOC
for all stations (Supplementary Figure 3 and Supplementary
Table 2). In W10 and W14 (Supplementary Figures 3D,H),
pH correlated negatively with sulfate in the 32–64 weeks
period over the investigated period except for a break after the
deforestation, which means the relationship between pH and

sulfate disappeared during 2014–2016. In W17, the correlation
between pH and sulfate was constant in the 32–96 weeks
period during the whole investigated time (Supplementary
Figure 3L). Except for the apparent correlation between Ca2+

and DOC during 2012–2016 in W10, there was hardly any
significant relationship between Ca2+ and DOC in W17 and
W14 (Supplementary Figures 3A,E,I). In W10 and W14,
Ca2+ correlated with sulfate negatively in the 48–60 weeks
period during 2012–2016 (Supplementary Figures 3C,G), while
Ca2+ and sulfate had no significant relationship before 2016
(Supplementary Figure 3K).

Discussion

Deforestation effect on the
relationships between dissolved
organic carbon and
hydroclimatic/chemical variables

With a long-term dataset, we examined the dynamics and
their relationships of DOC, sulfate, runoff, temperature, Ca2+,
Fetot, and pH after deforestation. Runoff showed higher values
in winter and early spring mainly due to snowmelt. At W17,
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FIGURE 3

Time series of pH, (A) total dissolved iron (B), (Fetot), Ca2+ (C) concentrations at the three Wüstebach catchment stations (W10, W14, W17). The
vertical red line indicates the moment deforestation occurred in late summer 2013.

the smaller reference stream, which was slightly deforested,
DOC increased gradually during 2009–2019, which indicated
a natural increasing trend of DOC. In contrast, at W10 and
W14, which were highly affected by deforestation, the increase
of DOC after deforestation was almost twice as in W17.
This indicates that deforestation had a greater disturbance on
DOC concentration than under natural conditions. This result
contrasts with the study by Wen et al. (2021), who found
that both natural factors and anthropogenic activities influence
DOC dynamics, but that natural factors better explain larger
fluctuations in DOC than anthropogenic activities.

We found strong negative relationships between DOC and
sulfate for all three hydrological stations. This is consistent
with Ledesma et al. (2016), who found that sulfate is
an important driver of DOC trends in boreal catchments.
Oni et al. (2013) found that sulfate showed declining
trends along a time series from 1990 to 2007 in Northern
Sweden, whereas DOC had a negative correlation with sulfate,
however, the results indicated that climate change rather
than recovery from acidification was the main driver of
the increase of DOC concentration. DOC concentration was
not always negatively correlated with sulfate concentration
in previous river studies (Clair et al., 2008; Chow et al.,
2017). Eimers et al. (2008) reported that DOC had no
relationship with sulfate in annual data series, rather than as

a result of the acidification effect. They explain the negative
relationship between sulfate and DOC in seasons by underlying
hydrological phenomena in this wetland-dominated catchment.
Evans et al. (2005) found that DOC concentrations in 22 UK
upland waters increased by an average of 91% during 1988–
2002, and this increase also showed in northern Europe and
North America. Their results suggested that DOC may increase
in response to a combination of declining acid deposition and
rising temperature.

In our study, DOC is mainly affected by Fetot, temperature,
and sulfate, less correlated with Ca2+ and pH (Supplementary
Table 2). Previous reports also showed that forest harvesting
resulted in a significant increase of stream water DOC in
forest catchments, underlining the great impact effect of clear-
cutting on stream water quality and nutrient cycling (Laudon
et al., 2009; Schelker et al., 2012). In forest catchments,
DOC in runoff mostly originates from soil organic matter
(Strohmeier et al., 2013; Ma et al., 2019), and forest management
strongly influenced soil organic carbon export to streams
(Lajtha and Jones, 2018; Le et al., 2019). Forest harvesting
leads to an increase of litter inputs from logging residues
and the decomposition of soil organic carbon (Kalbitz et al.,
2004), which further increases the soil DOC concentration and
leaching to the stream. Additionally, in terms of the relationship
between DOC and Fetot, a larger coherence band and higher
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FIGURE 4

Boxplots before and after clear-cut of different variables at the three Wüstebach catchment stations (W10, W14, W17). DOC: dissolved organic
carbon, DOC/Sulfate ratio: DOC to sulfate ratio, Fetot: Total dissolved iron. Different upper and lower letters indicate significant differences
among 3 stations before and after the clear-cut, respectively.
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FIGURE 5

The WTC analysis between runoff and dissolved organic carbon (DOC), sulfate, DOC/Sulfate ratio at 3 Wüstebach catchment stations (W10,
W14, W17). The X-axis indicates the time and the y-axis displays the periods (in weeks). The cone of influence (COI) is shown as a cone-shaped
area with thick black line (95% confidence level based on Monte Carlo test). The different colors indicate the strength of the correlation (R2)
from 0 to 1. The black arrows indicate the orientation of the correlation with R2 > 0.5 and the phase shifts between two variables (right directed:
in-phase, positive, left directed: anti-phase, negative). The vertical red line indicates the moment deforestation occurred in late summer 2013.

correlation coefficient (r) is shown in W10 and W14 than
in W17, indicating the co-transport of Fe-DOC in the form
of organic metallic complex. As a result, compared with the
reference W17, iron play a more important role in regulating
DOC in the main stream. A similar finding was reported by
Bol et al. (2015), indicating DOC transport via organic-mineral
complexes in this catchment.

Deforestation effect on the
relationships between sulfate and
hydroclimatic/chemical variables

In our study, DOC, sulfate, and Fetot both showed
obvious seasonal patterns, which we mainly attribute to

the seasonal temperature changes. High temperatures are
known to increase microbial activity and further lead to
higher organic carbon and lower inorganic S concentrations.
Eimers et al. (2008) found that low sulfate concentrations
occur with low water flows as a result of sulfate reduction.
Compared with DOC, sulfate had a tighter relationship with
pH. Sulfate concentration is not only tightly correlated with
temperature, but also with runoff, pH and Fetot. Previous
studies showed that sulfate decreased and streams recovered
from acidification over a time period of 16 years, reflecting
a strong link between sulfur emissions, and precipitation
sulfate concentration (Burns et al., 2006; Chow et al., 2017).
In our study, sulfate is mainly negatively correlated with
pH, but as pH increased after deforestation, the sulfate
concentrations at the 3 stations showed no significant yearly
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FIGURE 6

The WTC analysis between temperature (Tem) and dissolved organic carbon (DOC), sulfate, DOC/Sulfate ratio at 3 Wüstebach catchment
stations (W10, W14, W17). The X-axis indicates the time and the y-axis displays the periods (in weeks). The cone of influence (COI) is shown as a
cone-shaped area with thick black line (95% confidence level based on Monte Carlo test). The different colors indicate the strength of the
correlation (R2) from 0 to 1. The black arrows indicate the orientation of the correlation with R2 > 0.5 and the phase shifts between two
variables (right directed: in-phase, positive, left directed: anti-phase, negative). The vertical red line indicates that the moment deforestation
occurred in late summer 2013.

change. This indicated that the sulfate concentrations were
better explained by runoff and temperature rather than by
stream acidification. Our Pearson correlation results also
confirmed that sulfate concentrations correlated better with
temperature, followed by runoff at 3 stations (Supplementary
Table 2). Other explanations could be that our study period
was too short to detect such long-term trends, or that
the sulfate concentrations in the Wüstebach were already
in equilibrium with the reduced atmospheric deposition.
Ide et al. (2013) found that the effect of clear-cutting on
runoff continued for 18 years in forest catchment in Eastern
Finland. In our study, the spatiotemporal relationship between
sulfate and other chemical/hydroclimatic variables changed
after deforestation even though the sulfate concentration

only showed a slight change. It indicated the necessity for
continuous long-term monitoring of some underlying chemical
dynamics and proved the WTC analysis effective to identify
the underlying hydrological dynamics under climatic change
or anthropogenic disturbance, which cannot be revealed by the
time series analysis.

In soils, the stoichiometric ratios of carbon, nitrogen,
phosphorus, and occasionally sulfur are often used for
indicating substrate quality and climate change and land
management (Zhang et al., 2018; Luo et al., 2020; Veldkamp
et al., 2020). They also play a vital role in regulating nutrient
cycling and geochemistry processes by mediating soil microbial
activities (Wang et al., 2022). But relatively little information
is available on the relevant stoichiometry of sulfur in stream
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FIGURE 7

The WTC analysis between dissolved organic carbon (DOC), total dissolved iron (Fetot) and sulfate at the 3 Wüstebach catchment stations (W10,
W14, W17). The X-axis indicates the time and the y-axis displays the periods (in weeks). The cone of influence (COI) is shown as a cone-shaped
area with thick black line (95% confidence level based on Monte Carlo test). The different colors indicate the strength of the correlation (R2)
from 0 to 1. The black arrows indicate the orientation of the correlation with R2 > 0.5 and the phase shifts between two variables (right directed:
in-phase, positive, left directed: anti-phase, negative). The vertical red line indicates that the moment deforestation occurred in late summer
2013.

waters. In our study, we therefore also investigated the
dynamics of the DOC/sulfate ratio. This parameter reflects
the concurrent dynamics of DOC and sulfate and is therefore
a useful and sensitive indicator for ecosystem disturbances.
From the Pearson analysis (Supplementary Table 2), we
found that the DOC/sulfate ratio was more correlated with
DOC than sulfate, which reflected similar seasonal patterns
and similar wavelet results to DOC (Figures 2, 5). The
temporal trend in DOC/sulfate ratio was better explained by
the Fetot concentration than for DOC alone. Furthermore, the
ratio correlated better (higher r-value) with runoff and water
temperature data than DOC alone (Supplementary Table 2).
This would indicate that the parameter might be more sensitive
to the hydrological variables than DOC when monitoring the
effects of deforestation.

Conclusion

The in-stream DOC concentrations in this low mountainous
forest catchment increased during the 10-year time series both
under “minimal” (3%) (W17), and “more severe” catchment
deforestation > 25% (W10 and W14). Anthropogenic
disturbance (deforestation) and natural changes (in climate)
both contributed to rising DOC concentrations in the partially
deforested catchments, but the importance of deforestation
was much greater. Sulfate concentrations showed only
minor changes for all 3 stations during the 10-year time
series analysis. But the WTC analysis identified an altered
relationship between sulfate concentrations and other variables
(Fetot, pH, temperature) in the “more severe” (W10 and
W14) but not found under “minimal” deforestation (W17).
Negative relationships between DOC and sulfate ended in
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W10 and W14 after deforestation but not in W17. Therefore,
severe deforestation (in W10 and W14) substantially affects
the coupling of catchment S and C cycling. Relative to
time series analysis, by providing additional information
on both the lag time and direction of the relationships
between two variables at different time scales, WTC analysis
was shown to be a more effective tool to pinpoint the
underlying catchment relationships between variables to
anthropogenic impact. Our study also highlights the benefits
of continuous long-term monitoring data to elucidate the
underlying effect of deforestation on hydrological and
biochemistry processes.
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