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Forests cover one-third of the global land and are important components of 
carbon and nitrogen cycling. Anthropogenic disturbances, such as forest road 
systems or skid trails for timber harvesting, can dramatically change the nutrient 
cycling in these ecosystems. Skid trails increase soil erosion and thus the 
displacement of soil organic carbon (SOC) and total nitrogen (Nt). Additionally, 
runoff transports high amounts of dissolved organic carbon (DOC), which can 
have a negative impact on aquatic ecosystems. One of the most important 
countermeasures against soil erosion is the quick recolonization of vegetation. 
To date, the extent to which natural vegetation succession influences the 
relocation of SOC and Nt, and in particular the role of mosses in this context, 
has not been well investigated. This study investigates the influence of natural 
vegetation succession and in particular of mosses on the displacement process 
of SOC and Nt as well as DOC caused by soil erosion. To this end, we combine 
the results of a field study using in-situ rainfall simulations with small-scale 
runoff plots in skid trails of the Schönbuch Nature Park in southwestern Germany 
with the results of ex-situ rainfall simulation experiments with infiltration boxes 
containing the substrate from the respective skid trails. The eroded sediments of 
skid trails were on average enriched in SOC by 16% and in Nt by 35% compared 
to the original soil, which lead to a decrease of the C/N ratio in sediments. 
As vegetation succession progressed, the displacement of SOC and Nt was 
reduced, confirmed by a negative correlation between the enrichment ratios of 
SOC (ERSOC), Nt and total vegetation cover. However, mosses tended to reduce 
ERSOC more than vascular plants. Additionally, mosses significantly decreased 
DOC concentration in surface runoff compared to bare soils, while no difference 
in DOC concentration in percolated water could be observed. Future research 
should explore the role of mosses in the storage of SOC and Nt in the soil and 
their impact on soil stability. Thus, utilizing mosses could potentially minimize 
environmental impacts from soil disturbances in forests.
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1 Introduction

Worldwide, approximately 2,157 to 2,293 Pg of carbon are stored 
in the top 100 cm of the soil, making soil the largest terrestrial carbon 
sink, of which about 1,462 to 1,548 Pg is organic carbon (Batjes, 1996). 
Soil organic carbon (SOC) plays an essential role in food security and 
climate change mitigation (Lal, 2004) and there is a huge potential for 
carbon sequestration with the help of sustainable soil management 
strategies (Batjes, 2019; FAO, 2022). Additionally, SOC improves the 
availability of nutrients in the soil (Tiessen et al., 1994; Gerke, 2022), 
therefore SOC and nitrogen (N) are positively linked, meaning that an 
increase in SOC improves the availability of N (Oldfield et al., 2019), 
and land use is a key factor for the amount of SOC and N stored in an 
ecosystem (Beillouin et  al., 2023; Kim et  al., 2023). For example, 
forests cover 31% of the global land (FAO, 2020) and store a total of 
662 Pg of carbon, of which 45% is SOC (FAO, 2020). However, 
anthropogenic activities, such as logging and land-use changes, can 
disturb the delicate equilibrium of these forest ecosystems, leading to 
alterations in soil properties and nutrient dynamics (Pan et al., 2011; 
Wei et al., 2014; Wilson et al., 2021). Such forest disturbances are 
particularly susceptible to soil erosion (Zemke, 2016; Gall et al., 2022), 
as the forest floor and also its protective layer of coniferous and 
deciduous litter or understorey vegetation is destroyed when heavy 
machinery is used for timber harvesting (Picchio et al., 2020). When 
creating skid trails, for example, the average increase in sediment 
discharge on bare wheel tracks can be 22 times higher than on the 
undisturbed forest floor, as demonstrated by erosion from 30-min 
rainfall simulations with an intensity of 45 mm h−1 (Gall et al., 2022).

Water erosion also has a major influence on the distribution of 
SOC and N (Lal, 2003; Holz and Augustin, 2021). Lal (2003) 
estimated that 4.0–6.0 Pg of SOC is relocated globally due to water 
erosion under the assumption of a delivery ratio of 10% (proportion 
of sediment produced over land that enters a major river system 
(Walling and Webb, 1983)), a sediment load of 20 billion Mg, and 
SOC content of 2–3%. Moreover, in a meta-study, Holz and Augustin 
(2021) showed that eroded sediments contain on average 51.3% more 
SOC and 50.6% more N compared to the original soil, which clearly 
changes the C and N dynamics along a slope. In general, the 
displacement of SOC and N depends on the grain size distribution 
and the initial contents of SOC and N in the original soil (Alberts 
et al., 1983; Koiter et al., 2017; Hofbauer et al., 2023). Fine-grained 
soil particles are preferentially transported by water erosion, whereby 
this effect of particle size selectivity is greater with low rainfall 
intensities and higher slope gradients (Sun et al., 2023) and is also 
influenced by further original soil properties such as soil moisture 
and vegetation cover (Koiter et  al., 2017). As fine-grained soil 
particles usually bind more SOC and N, displaced sediments are 
often enriched in SOC and N compared to the original soil (Yang 
et al., 2014; Koiter et al., 2017), although a high initial content of SOC 
in the soil tends to have an erosion-reducing effect (Hofbauer et al., 
2023). In order to determine the loss of SOC and N due to soil 
erosion, enrichment ratios (ER) are generally used in literature, 
which indicate the proportion of nutrients in the sediment to the 
proportion in the original soil (Massey and Jackson, 1952; Yang et al., 
2014; Holz and Augustin, 2021).

Revegetation is an important measure to prevent soil erosion, 
which also applies to forest skid trails (Zemke, 2016; McEachran et al., 
2018). However, the type of vegetation plays a decisive role here, as 

Gall et al. (2022) found, for example, that bryophytes tend to reduce 
soil erosion in skid trails to a greater extent than a vascular plant layer. 
Logically, the erosion-reducing effect of vegetation also reduces the 
displacement of SOC and N, but few studies have measured this 
relationship. For example, Liang et al. (2021) showed that the transport 
of SOC due to erosion along a slope was significantly reduced by 
vegetation restoration. Furthermore, Gou et al. (2022) presented in a 
Revised Universal Soil Loss Equation (RUSLE)-based modelling 
approach that the displacement of SOC follows similar patterns as soil 
erosion, such that vegetation restoration has reduced the displacement 
of SOC in the study area on the Loess Plateau. However, it is still 
unclear to what extent SOC and N are displaced in skid trails due to 
soil erosion and how this process is influenced or mitigated by natural 
succession. Of particular interest in this context is the influence of 
bryophytes, which are known to fix large amounts of SOC in the soil 
and thus contribute to soil stability (Kasimir et  al., 2021; Xiao 
et al., 2023).

During erosion processes, organic carbon is not only transported 
with sediments but also with runoff as dissolved organic carbon 
(DOC). DOC plays a major role in the displacement of SOC by water 
erosion (He et  al., 2023). For example, Manninen et  al. (2023) 
discovered that in a clayey agricultural soil, 35% of organic carbon and 
20% of N are discharged with sediment, while the remaining much 
larger proportion is transported in dissolved forms. As a result, not 
only are large quantities of SOC lost in terrestrial ecosystems, leading 
to a reduction in soil quality (Hua et al., 2014; Manninen et al., 2023), 
but they are also introduced into aquatic ecosystems, where they can 
have serious consequences for freshwater biota and drinking water 
quality (Evans et al., 2005).

This study aims to quantify the displacement of SOC and total 
nitrogen (Nt) by water erosion in skid trails of a temperate forest 
and how it is affected by natural vegetation succession driven by 
mosses. In this context, the impact of mosses on the displacement 
processes were surveyed over the course of 1 year using in-situ 
rainfall simulations with micro-scale runoff plots. Furthermore, 
the study investigates how moss covers affect DOC fluxes with 
generating runoff and percolation in forest soil substrates of the 
same ecosystem by performing an ex-situ rainfall simulation. 
Overall, we tested the following hypotheses:

 1 The relocation of SOC and Nt by water erosion in forest skid 
trails is reduced due to vegetation succession and moss-
dominated vegetation shows a stronger impact than vascular 
vegetation (in-situ experiment).

 2 The displacement of SOC caused by erosion and percolation 
through forest soil substrates is reduced due to moss cover (ex-
situ experiment).

2 Methodology

2.1 Experimental setup

The present study utilizes rainfall simulations to analyse the 
relocation of SOC and Nt in eroded sediments of disturbed forest 
soils and DOC in surface runoff and percolated water. For this 
purpose, data of two individual experiments were analysed: An 
in-situ rainfall simulation in skid trails (Gall et al., 2022) and an 
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ex-situ rainfall simulation with soil substrates from the same skid 
trails (Gall et al., 2023).

This study was conducted in the Schönbuch Nature Park in 
southwestern Germany, located in Triassic hills with sandstones, 
marlstones, and claystones, as well as some Lower Jurassic shales and 
limestones, whereby the Lower Jurassic plateaus are often covered by 
a loess layer (Einsele and Agster, 1986). Schönbuch Nature Park, with 
its highest peak at 583 meters (Bromberg), is a low-altitude, hilly (69% 
with slopes ≤3° and 14% with slopes >15°), and predominantly 
forested (86%) area in the sub-Atlantic temperate climate zone 
(Arnold, 1986; Einsele and Agster, 1986). The mean annual 
temperature is 8.3°C, with an average precipitation of 740 mm (mean 
annual values from 1979 to 1984 at the Herrenberg climate station; 
DWD Climate Data Center (2021c)), which is similar to Germany’s 
long-term average (DWD Climate Data Center, 2021a, 2021b). 
We selected four skid trails in the Schönbuch Nature Park, which 
differ in terms of parent material, soil properties and vegetation 
characteristics and distinguished them according to the geological 
formation of their parent material: Angulatensandstein (AS), 
Psilonotenton (PT), Löwenstein (LS) and Trossingen (TS; Einsele and 
Agster, 1986). The skid trails are described in detail in Gall et al. (2022).

For our in-situ experiment, we conducted rainfall simulations 
with micro-scale runoff plots (ROP, 0.4 × 0.4 m; Seitz (2015)) at 4 times 
(March 2019, July 2019, October 2019, and February 2020) with 
different degrees of soil cover of vascular plants and mosses resulting 
from natural succession in the skid trails. A total of 32 ROPs were 
installed, with 8 ROPs per skid trail, repeating 4 in wheel tracks and 
4  in centre tracks; due to the 4 measurement times, 128 rainfall 
simulations were obtained. In the immediate vicinity of the individual 
ROPs, soil samples of the topsoil (1–2 cm depth) were taken in July 
2019 as a reference for the original soil (Figure 1).

For our ex-situ experiment, soil substrates were sampled from the 
topsoil of the four skid trails to a depth of 10 cm. Afterwards, they 
were air dried, sieved by 6.3 mm and filled into infiltration boxes 
(40 × 30 × 15 cm) up to a height of 6.5 cm by installing a substructure 

of perforated metal. The substructure served to reduce the time 
required for percolation, which would have taken more than an hour 
if the infiltration boxes had been completely filled with the clayey soil 
substrates. First, rainfall simulations were carried out for bare and 
air-dried substrates (bare&dry) and again 24 h later for wet substrates 
(bare&wet). Then moss samples were placed onto the substrates and 
stored in a shady place outside for 5 months to ensure adaption and 
growth. Detailed information on the selected moss species can 
be found in Thielen et al. (2021). Second, rainfall simulations were 
performed for dry moss treatments (moss&dry) and 24 h later for wet 
moss treatments (moss&wet). A total of 64 rainfall simulations 
were completed.

All rainfall simulations were realized with the Tübingen 
rainfall simulator (Iserloh et al., 2013; Seitz, 2015), which has a 
drop falling height of 3.5 m and was set to a mean rainfall intensity 
of 45 mm h−1 with a duration of 30 min. During rainfall simulations 
surface runoff, sediment (soil transported with the surface runoff) 
and—in case of the ex-situ experiment—percolated water were 
collected in 1 L sample bottles. For the ex-situ experiment, the 
amount of DOC in the liquid samples, previously filtered with a 
0.45 μm filter, was determined using a total organic carbon 
analyzer (vario TOC cube, Elementar Analysensysteme GmbH, 
Langenselbold, Germany). SOC and Nt were measured in all 
sediment and soil samples with an elemental analyzer (element 
analyzer vario EL II, Elementar Analysensysteme GmbH, 
Langenselbold, Germany).

2.2 Data preparation

In order to compare SOC and Nt of the original soil with the 
eroded sediment, we used enrichment ratios (ER) that are commonly 
used in the literature (Massey and Jackson, 1952; Schiettecatte et al., 
2008; Yang et al., 2014; Nie et al., 2015). The enrichment ratios of SOC 
(ERSOC) and Nt (ERN) were calculated as follows:

FIGURE 1

In-situ rainfall simulation in the skid trails (left) and ex-situ rainfall simulation with soil substrates in infiltration boxes (right).
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ERSOC =

SOC
SOC
sediment

soil
,

 
ERN =

N
N
sediment

soil
,

where SOCsediment is the total organic carbon [%] in the sediment, 
SOCsoil is the total organic carbon [%] in the original soil, Nsediment is 
the total nitrogen [%] in the sediment, and Nsoil is the total nitrogen 
[%] in the original soil.

In addition, we have determined the total SOC concentration 
(SOCcon) using the following formula:

 
SOCcon =

SOC
runoff

tot
,

where SOCtot is the total mass of organic carbon [mg] in the 
eroded sediment and runoff is the amount of surface runoff [L] by 
which the sediment was transported. We  used this parameter for 
comparison with the DOC concentrations in surface runoff 
and percolation.

2.3 Data analysis

Data were analysed with R software version 4.0.4 (R Core Team, 
2021). Normality was examined with Shapiro–Wilk test prior to all 
statistical tests, and homoscedasticity was verified with Levene’s test. As 
three sediment samples showed extreme SOC and Nt contents, 
we declared these as outliers and removed them from the dataset, as it 
was highly probable that organic material was measured in these cases. 
These outliers were also confirmed by the Rosner’s Outlier Test, even if 
the conditions for normality were not met. To test for significant 
differences, Kruskal-Wallis tests were conducted. The post hoc tests used 
were either Wilcoxon rank-sum tests for independent measurements or 
Wilcoxon signed-rank tests for related measurements (R package 
“stats”). For all mean values described, the standard deviation was also 
given (mean ± standard deviation). The datasets compiled and analysed 
in this study are available on figshare (Gall et al., 2024).

3 Results

3.1 Displacement of SOC and Nt due to 
water erosion in temperate forest skid trails

Overall, the original soil contains an average of 5.69 ± 1.93% SOC 
for all skid trails, while the sediment has an average SOC content of 
6.28 ± 1.80%. Similarly, the average Nt content was higher in the 
sediment (0.39 ± 0.09%) compared with the original soil (0.30 ± 0.09%). 
In summary, the eroded sediment contained 16.46 ± 30.01% more 
SOC and 35.36 ± 33.88% more Nt compared with the original soil 
sample (Figure 2). Furthermore, we found that the C/N ratio was 
reduced by −13.48 ± 11.18% compared with the original soil. This 
means that the C/N ratio has decreased from an average of 
18.82 ± 2.36 in the original soil to 16.17 ± 1.93 in the eroded sediment.

3.2 Influence of natural succession on the 
displacement of SOC and Nt in skid trails of 
a temperate forests

In all skid trails, the ERSOC was higher than one. The highest 
average ERSOC was achieved with 1.28 ± 0.27 in AS, and the lowest with 
1.01 ± 0.37 in TS, with the difference being significant (p < 0.01), where 
AS and TS refer to different sites of skid trails. On average for all skid 
trails, the ERSOC was highest in March 2019 (1.32 ± 0.30), when skid 
trails were newly established and mostly bare (7.47 ± 13.04%), with a 
significant difference to July 2019 (1.18 ± 0.36; p < 0.05), October 2019 
(1.05 ± 0.27; p < 0.01) and February 2020 (1.12 ± 0.20; p < 0.01), when 
vegetation cover was significantly higher compared to March 2019 
(54.69 ± 42.54%, 67.91 ± 40.23% and 57.41 ± 37.74%; all p < 0.01). The 
individual examination of the skid trails regarding ERSOC did not 
reveal any significant differences between the measurement times 
(Figure 3).

Although ERN for the four skid trails are not explicitly presented 
here, they are congruent with the ERSOC values with significant 
differences between the measurement times in March 2019 
(1.52 ± 0.36), July 2019 (1.29 ± 0.37, p < 0.001), October 2019 
(1.30 ± 0.33, and p < 0.01), and February 2020 (1.31 ± 0.25, p < 0.001). 
In general, there is a strong positive correlation between ERSOC and 
ERN (Spearman’s correlation ρ = 0.87, p < 0.001). However, the 
correlation between ERSOC and ERN varies with regard to the four skid 
trails (Figure  4). In the skid trail AS, ERSOC and ERN exhibit the 
strongest correlation, while LS shows the weakest correlation.

The relationships between the vegetation characteristics and the 
displacement of SOC and Nt (Figure 5) demonstrate that both ERSOC 
and ERN have a significant negative correlation with the respective 
initial content of SOC and Nt in the original soil. Surprisingly, there is 
no significant correlation between ERSOC and ERN and sediment 
discharge, while SOC, Nt in the original soil and all vegetation 
parameters have a negative correlation with sediment discharge. 
Additionally, there is a slight negative correlation between ERSOC and 
total vegetation cover, with a slightly stronger negative correlation 
between ERSOC and moss cover compared to vascular plant cover. 

FIGURE 2

Enrichment of soil organic carbon (SOC), total nitrogen (Nt), and C/N 
ratio in the eroded sediment compared to the original soil. The lines 
inside the box show the median, and the bottom and the top of the 
box represent the third quartiles, while whiskers extend up to 1.5 
times the interquartile range (IQR) of the data. Outliers are defined as 
more than 1.5 times the IQR and are displayed as dots.
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Moreover, we discovered a strong positive correlation between total 
SOC concentration and total vegetation cover.

3.3 Influence of mosses on the 
displacement of SOC due to erosion and 
percolation through forest soil substrates

Considering all displacement pathways (runoff, sediment, and 
percolation) in the ex-situ experiment, the two bare treatments 
(bare&dry + bare&wet) had a factor of 5.5 higher displacement of SOC 
compared to the two moss treatments (moss&dry + moss&wet; p < 0.01). 
This difference is particularly large, since almost no sediment was 
produced in the moss treatments (Figure 6). Nevertheless, on average 
for all skid trails the DOC concentration in surface runoff was also 
significantly lower in moss treatments (14.43 ± 17.96 mg L−1) compared 
to bare treatments (173.26 ± 137.81 mg L−1, p < 0.01). While there was no 
difference between bare&dry and bare&wet treatments regarding DOC 
concentration in surface runoff, we found a significantly higher DOC 
concentration in surface runoff of moss&dry (23.10 ± 22.17 mg L−1) 

compared to moss&wet treatments (5.77 ± 3.84 mg L−1, p < 0.001). 
Regarding the average DOC concentration in percolated water there 
was no difference between bare (bare&dry + bare&wet) and moss 
(moss&dry + moss&wet) treatments. However, DOC concentration in 
percolated water was significantly higher in bare&wet 
(220.37 ± 117.37 mg L−1) compared to bare&dry (52.30 ± 26.91 mg L−1, 
p < 0.001), moss&dry (22.29 ± 11.84 mg L−1, p < 0.001), and moss&wet 
(13.89 ± 5.91 mg L−1, p < 0.001) treatments. Moreover, the difference 
between moss&dry and moss&wet was also significant (p < 0.05), 
whereby the direction of this effect was dependent on the substrate.

4 Discussion

4.1 Displacement of SOC and Nt due to 
water erosion in temperate forest skid trails

In skid trails of this temperate forest ecosystem (Schönbuch 
Nature Park), SOC and Nt were preferentially displaced by soil 

FIGURE 3

Enrichment ratio for soil organic carbon (ERSOC) in sediments at four times during natural succession in four skid trails (n  =  8). The images show 
exemplary vegetation succession at the soil surface in the runoff plots of the wheel tracks. The lines inside the box show the median, and the bottom 
and the top of the box represent the third quartiles, while whiskers extend up to 1.5 times the interquartile range (IQR) of the data. Outliers are defined 
as more than 1.5 times the IQR and are displayed as dots.
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erosion and enriched in the sediment compared to the original 
soil. This phenomenon of SOC and Nt enrichment in eroded 
sediment confirms several other studies (Girmay et  al., 2009; 
Chartier et al., 2013). An interesting observation was, however, 
that the enrichment of Nt in the sediment was more pronounced 
than that of SOC, which contradicts the results of Holz and 
Augustin (2021), who found a slightly higher enrichment of SOC 
compared to Nt in the eroded sediment in a global meta-study. 
These differences may be due to the fact that the meta-study of 
Holz and Augustin (2021) included a large number of different 
research sites worldwide, while our study focused on a single 
research site with less investigated bryophyte-dominated 
vegetation communities.

As a consequence of the differential enrichment of SOC and 
Nt, there is a reduction in the C/N ratio in the eroded sediment 
compared to the original soil. The results suggest that erosion in 
skid trails not only leads to an increased transport of SOC and Nt 
in the eroded sediment but also alters the relative proportions of 
these elements. A decrease in the C/N ratio could have 
implications for microbial community structure and its activity 
(Wan et  al., 2015), thus influencing nutrient cycling and soil 
quality. In their study, Holz and Augustin (2021) also concluded 
that the process of soil erosion leads to a change in the spatial 

variability of C and N along slopes and that this is crucial to 
capture the erosion-related changes in soil quality. The C/N ratio 
of the organic and mineral topsoil in turn influences N leaching 
processes in forest ecosystems (Dise et al., 1998; Gundersen et al., 
2009), with a tendency for lower C/N ratios to favor N leaching 
(Dise et al., 1998). Presumably, therefore, the lower C/N ratio in 
the eroded sediment increases the probability that the forest 
ecosystem will become depleted in N. However, since N leaching 
processes depend on a variety of other factors, such as tree species 
and soil type, the C/N ratio cannot be used as a general indicator 
of N mobilization in forest ecosystems (Gundersen et al., 2009; 
Cools et al., 2014).

4.2 Influence of natural succession on the 
displacement of SOC and Nt in skid trails of 
temperate forests

The ERSOC in the skid trails of the Schönbuch Nature Park is 
consistently higher than one, indicating that there is a 
proportionally greater amount of SOC in the eroded sediment 
compared to the original soil. The highest ERSOC was reached, 
when skid trails were newly established and mostly bare. 

FIGURE 4

Scatterplots of enrichment ratio for soil organic carbon (ERSOC) and total nitrogen (ERN) with regression lines for four skid trails. The formulas of the 
regression lines, the Spearman correlation coefficient (R) and the corresponding p-values are shown.
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According to Gall et al. (2022), this was also the measurement 
time when sediment discharge in the skid trails was highest. In all 
other measurement times in which the skid trails had significantly 
higher vegetation cover, the ERSOC was lower, indicating that with 
progressive vegetation succession, the displacement of SOC is 
reduced. This impact is also illustrated by the negative correlation 
between ERSOC and total vegetation cover. In contrast, Koiter et al. 
(2017) found that although vegetation cover was an important 
factor in reducing soil loss in agricultural landscapes, it did not 
significantly affect ERSOC. This contradiction can be explained by 
considering that the mobilization processes of SOC in forest 
ecosystems are different from those in agricultural landscapes. For 
example, forest soils generally contain more SOC compared to 
agricultural soils, which has a positive effect on soil aggregate 
stability and thus soil erodibility (Lan, 2021). This can be seen 
from the clear negative correlation between SOC in the original 
soil and sediment discharge, but is also demonstrated in a couple 
of other studies (Le Bissonnais and Arrouays, 1997; Xue et al., 
2019; Dou et al., 2020).

Moss covers tend to reduce ERSOC more than vascular plant 
covers, although the difference is small. This slight difference can 
probably be  attributed to the fact that mosses have a positive 
effect on the SOC content (García-Carmona et al., 2020) and can 
reduce general erosion rates slightly more than vascular plants 
(Gall et al., 2022). Biological soil crust (biocrust) research shows 
that moss-dominated biocrusts in particular reduce soil 

erodibility and ascribe the effect to an increase in soil organic 
matter (SOM; Gao et al., 2017). In addition, Yang et al. (2022) 
showed that moss-dominated biocrusts increased the mean 
weight diameter (MWD), an index of soil aggregate stability, at 
0–2 cm, 2–5 cm, and 5–10 cm soil depth of an abandoned 
farmland. This effect was accompanied by a strong positive effect 
of SOM at the depths 0–2 cm and 2–5 cm, but was absent at the 
depth level 5–10 cm, although the moss biocrusts still had a clear 
positive effect on MWD in this level (Yang et al., 2022). Hence, it 
has not yet been conclusively investigated whether the effects of 
moss cover on soil stability are determined by factors other than 
the increase in SOC. Nevertheless, vascular plant covers, such as 
grass covers, are also extremely effective in reducing soil erosion 
and the associated displacement of SOC, which can also 
be explained by aggregate stability (Zheng et al., 2021). Future 
research should focus on highlighting the differences between 
moss cover and vascular plant cover in terms of SOC and N 
displacement, to use the most effective measures for vegetation 
restoration in disturbed forest ecosystems.

There was a variation in ERSOC between the different skid trails, 
with the highest average of ERSOC observed in AS and the lowest in 
TS. Among other things, this can be  explained by the negative 
correlation between SOC in the original soil and ERSOC, as AS has the 
lowest SOC content and TS the highest. A negative correlation 
between SOC in the original soil and ERSOC was also demonstrated in 
the studies by Koiter et al. (2017) and Holz and Augustin (2021). An 
even stronger negative correlation was found between ERN and Nt in 
the original soil. This means that in soils with a low SOC and Nt 
content, a larger proportion of SOC and Nt is transported with the 
sediment due to soil erosion, which has previously been observed by 
Holz and Augustin (2021). Consequently, soils with poor fertility are 
particularly at risk of SOC and N translocation, and it is often precisely 
these soils that are not the focus of soil conservation, but this should 
be reconsidered based on these results, especially as the input of SOC 
and soil nutrients can cause damage to aquatic ecosystems (Evans 
et al., 2005).

The strong positive correlation between ERSOC and ERN due to soil 
erosion in skid trails indicates that the transport of SOC and Nt in 
eroded sediment is closely linked, suggesting a consistent pattern of 
co-transport of these elements during erosion events. A close positive 
relationship between the enrichment ratios for C and N was also 
demonstrated by Chartier et al. (2013) in grazed semi-arid rangelands 
in north-eastern Patagonia. However, when considering individual 
skid trails, variations in the correlation between ERSOC and ERN were 
observed, indicating that the degree of coupling between the transport 
of SOC and Nt is site-dependent.

Originally, we hypothesized that the enrichment on SOC and Nt 
in eroded sediments is mainly driven by the amount of sediment 
discharge, albeit we  could not proof this hypothesis with our 
measurements. There was no significant correlation between 
sediment discharge and ERSOC or ERN. Similar findings were 
reported by Girmay et al. (2009) who found a significantly higher 
sediment discharge in cultivated land, but this did not result in a 
higher SOC or Nt enrichment ratio. This was justified by the fact 
that, in addition to the total sediment discharge, other parameters 
determine the displacement of SOC and Nt, such as the initial SOC 
and Nt contents in the original soil (Girmay et al., 2009), which 
could also play a major role in our study, as we have demonstrated 

FIGURE 5

Correlation matrix for carbon and nitrogen parameters, sediment 
discharge, and vegetation parameters. Turquois colors indicate 
positive, brown colors negative correlations, and blank squares mean 
non-significant correlations (p  <  0.05). SOC, total organic carbon in 
the original soil; Nt, total nitrogen in the original soil; ERSOC, 
enrichment ratio of soil organic carbon; SOCcon, total SOC 
concentration; ERN, enrichment ratio of total nitrogen; sediment 
discharge, sediment discharge; total vegetation cover, 
photogrammetrically derived total vegetation cover; moss cover, 
field estimated moss cover; vascular plant cover, 
photogrammetrically derived total vegetation cover—field estimated 
moss cover.
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a strong correlation between ERSOC and SOC, or ERN and Nt in the 
original soil.

4.3 Influence of mosses on the 
displacement of SOC due to erosion and 
percolation through forest soil substrates

Overall, the bare treatments (bare&dry + bare&wet) showed a 5.5 
times higher displacement of SOC compared to moss treatments 
(moss&dry + moss&wet), demonstrating a substantial impact of moss 
covers on the relocation of SOC. This can mainly be attributed to the 
fact that significantly less sediment was discharged in the moss 
treatments compared to the bare treatments (Gall et al., 2023). The 
erosion-reducing effect of the mosses therefore also reduces the risk 
of SOC displacement. In this context, Xiao et al. (2023) showed that 
removing moss covers in a subtropical karst area lead to a reduction 
of SOC in the first two centimetres of the topsoil after 1 year, which 
could probably also be induced by soil erosion. Additionally, Wang 
et  al. (2022) demonstrated that moss-dominated biocrusts 
incorporated into an alfalfa maize intercropping system massively 
reduced SOC loss by 94.7% compared to bare land, which is why they 
are recommended as a nature-based solution for degraded agricultural 
soils to increase carbon sequestration.

Moss treatments exhibited significantly lower DOC concentration 
in surface runoff compared to bare treatments. It is already known from 
biocrust research that with intact biocrust covers less SOC is lost in 
surface runoff through DOC compared to disturbed or removed 
biocrusts, however, mainly cyanobacteria-and lichen-dominated 
biocrusts were considered here (Barger et al., 2006; Chamizo et al., 2017). 
Nevertheless, a difference between biocrust types could be demonstrated 
in both Barger et al. (2006) and Chamizo et al. (2017), according to 
which the late-successional lichen-dominated biocrusts resulted in less 
DOC in the surface runoff compared to the cyanobacteria-dominated 
biocrusts. In line with this trend, more developed moss-dominated 
biocrusts or mature moss covers could lead to even further reductions 
in DOC losses with surface runoff, as indicated by our results. The 
reason for the low DOC leaching in moss covers could be due, among 
other things, to their high water storage capacity (Thielen et al., 2021) 
and their ability to increase surface roughness (Wang et al., 2017), which 
was previously hypothesized by Xiao et al. (2023).

Surprisingly, there was no significant difference in the average 
DOC concentration in percolated water between bare 
(bare&dry + bare&wet) and moss (moss&dry + moss&wet) 
treatments. Due to the significantly higher amount of percolated 
water in the moss treatments compared to bare treatments (Gall et al., 
2023), we would have expected a difference in DOC leaching, but this 
was not the case. However, in our approach, extractable DOC was not 

FIGURE 6

Total organic carbon concentrations in percolated water, surface runoff and sediment for four substrates. Displayed are stacked mean values.
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determined in the substrate directly after the experiment. In this 
context, Young et  al. (2022) demonstrated that moss-dominated 
biocrusts (2 cm depth) increased the DOC content of the leachate 
compared to the references light and dark biocrusts dominated by 
cyanobacteria and thus more extractable DOC was found in the 
subsoil (2–10 cm depth) than in the two reference samples. The 
occurrence of desiccation cracks in our moss treatments as described 
in Gall et al. (2023) has certainly influenced our measurements of 
DOC leaching with percolated water.

In summary, our results suggest that moss covers have a 
substantial impact on reducing SOC displacement and DOC 
concentration in surface runoff, highlighting the potential role of 
moss in mitigating environmental impacts associated with 
soil disturbance.

5 Conclusion

In this study, we have shown that eroded sediments of skid trails in a 
temperate forest are significantly enriched in SOC and Nt. Our study area 
is characterized by a stronger enrichment of Nt compared to SOC, so that 
the C/N ratio in the sediment decreases compared to the original soil. 
Accordingly, soil erosion in skid trails modifies the relative proportions of 
SOC and Nt, which can have a negative impact on soil fertility. With 
regard to our hypotheses, we made the following conclusions:

 1 As vegetation succession progresses in the skid trails, the 
displacement of SOC and Nt is reduced. This was confirmed 
by the negative correlation between ERSOC as well as ERN and 
total vegetation cover. Moss covers tend to reduce ERSOC more 
than vascular plant covers, which can be  explained by the 
positive influence of mosses on SOC in the original soil and 
thus aggregate stability.

 2 Mosses have a significant effect on the reduction of SOC 
displacement associated with sediment and DOC concentration 
in surface runoff compared to bare soils, while there was no 
difference in DOC concentration of percolated water.

Based on our results, future research should focus on 
understanding the role of mosses in storing SOC and Nt in the soil 
and their impact on soil stability. With this in mind, it would 
be  conceivable to use mosses in the future, to minimize the 
environmental impacts of soil disturbances in forests, as already 
demonstrated by Wang et al. (2022) for degraded soils in agriculture.
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