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can form dense moss covers depending on the ecosystem 
(Lindo and Gonzalez 2010). Consequently, mosses lead to 
relevant changes in important water-related parameters such 
as surface runoff, infiltration and soil water content com-
pared to bare soils, which in turn also have an influence on 
soil erosion (Bu et al. 2015; Seitz et al. 2017; Sun et al. 
2021).

However, most studies on the influence of mosses on 
parameter of the water cycle and soil erosion deal exclu-
sively with biological soil crusts (biocrusts) dominated by 
mosses (Eldridge et al. 2020). Biocrusts are formed by a 
close association of soil particles and organisms such as 
bryophytes, lichens, cyanobacteria, algae, bacteria or fungi 
that colonize the upper millimeters of the soil (Belnap et al. 
2001; Weber et al. 2016b), and are characterized by regu-
lar desiccation, forming a cohesive and hardened soil layer 
(Weber et al. 2022). Especially in temperate mesic ecosys-
tems, which are defined by adequate water availability, the 
environmental conditions cause biocrusts to occur ephem-
erally, i.e. they are either overgrown by vascular plants or 

Introduction

Mosses have a strong impact on the soil water fluxes in 
many ecosystems (Turetsky et al. 2012; Liu et al. 2022). 
They are capable of absorbing large amounts of water, with 
water storage capacities ranging from 100 to 5000% of their 
dry weight, depending on the moss species (Proctor et al. 
1998; Wang and Bader 2018; Thielen et al. 2021), and they 
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Abstract
Mosses are key components of many ecosystems and particularly related to water cycling. In principle, the importance 
of mosses for water-related processes is known; however, their influence is rarely quantified in scientific studies. To fill 
this research gap, this study concentrates on the influence of mosses of different species on surface runoff, the amount of 
percolated water, soil loss, and the temporal dynamics of soil water content. For this purpose, an experimental approach 
consisting of an ex situ rainfall simulation (45 mm h− 1 for 30 min) with infiltration boxes equipped with biocrust wetness 
probes was applied. On average, mosses significantly reduced surface runoff by 91% and soil loss by almost 100%, while 
the amount of percolated water was increased by 85% compared with bare soils. These processes were superimposed by 
desiccation cracks, and partly water repellency, with the result that the respective influences could not be quantified indi-
vidually. However, by simultaneously measuring the water content in the substrates during rainfall simulations, we were 
able to achieve a better understanding of the water flows in the substrates. For instance, water content at 3 cm substrate 
depth was higher under mosses than in bare soils, implying that mosses facilitated infiltration. In this study, we were 
able to demonstrate that mosses play an important role in soil hydrology and in protecting the soil from erosion, and it 
is imperative that further experiments will be conducted to elucidate the apparently underestimated effects of mosses and 
their specific traits on soil water fluxes and sediment transport.
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develop into a mature moss cushion (Gall et al. 2022b). The 
mature moss cushion stage is reached when most of the 
moss biomass has grown above the soil’s surface, so that 
there is no longer an encrustation (Weber et al. 2022). Thus, 
due to the different surface structure, different hydrological 
and erosion mitigating properties between moss-dominated 
biocrusts and moss cushions can be assumed. For example, 
in the case of biocrusts, there is no clear direction of influ-
ence on surface runoff; various studies resulted in either a 
decrease or an increase (Kidron et al. 2022b). In compari-
son, studies on mosses solely indicate a reducing influence 
on surface runoff (Parsakhoo et al. 2012; Tu et al. 2022; 
Juan et al. 2023).

Irrespective of the moss cover, the formation of sur-
face runoff, infiltration of water into the soil, and soil loss 
depend on numerous edaphic factors such as soil texture, 
soil organic carbon, aggregate stability, microtopography, 
and soil moisture, as well as environmental factors such 
as rainfall intensity, raindrop kinetic energy, rainfall tem-
perature, slope, vegetation coverage, and human activities 
(Le Bissonnais and Singer 1993; Le Bissonnais et al. 1995; 
Morgan 2005). These factors also influence the type of sur-
face runoff that occurs: Either rainfall intensity exceeds the 
infiltration capacity of the soil, which is known as Horto-
nian overland flow, or the soil is water-saturated and cannot 
absorb any more water, which is known as saturation over-
land flow (Horton 1933; Kidron 2021). Hortonian overland 
flow can be caused by the presence of a water-impermeable 
layer in or on the soil, e.g. due to hydrophobicity, pore clog-
ging or differences in texture (Le Bissonnais 1996; Doerr 
et al. 2000; Kidron et al. 2022a). These complex relation-
ships must be taken into account when measuring soil water 
fluxes.

Overall, there have been very few studies that mea-
sured surface runoff, infiltration, and soil erosion under 
mosses. For instance, Parsakhoo et al. (2012) investigated 
the effects of the moss Philonotis marchica (Hedw.) Brid. 
on surface runoff, infiltration and soil erosion from forest 
road cutslopes using rainfall simulations in combination 
with small-scale runoff plots. They found that Philono-
tis marchica significantly reduced surface runoff by 67%, 
increased infiltration by 39% and also reduced soil erosion 
by 61% compared to bare soil. Likewise, Tu et al. (2022) 
recently demonstrated in a soil trough approach under simu-
lated rainfall that mosses significantly reduce surface runoff, 
while infiltration was increased or decreased depending on 
the moss species compared with bare soils. By considering 
different moss species and demonstrating species-specific 
effects on infiltration, the importance of moss structural 
traits is underlined (Tu et al. 2022). Recently, Juan et al. 
(2023) showed that soils covered with the moss Racomi-
trium japonicum significantly reduced surface runoff, mean 

flow velocity, and soil loss compared to bare soils, although 
the surface roughness of these two treatments did not differ 
significantly. Although this major role of functional traits in 
the contribution of mosses to ecosystem services is now rec-
ognized, it has still not been adequately described and only 
few studies have compared species, so important species-
specific effects are poorly known (Eldridge et al. 2023).

Mosses not only influence the movement of water onto 
and into the soil, but also soil water storage processes. Ear-
lier research by Price et al. (1997) showed that moss layers 
from boreal forests in Canada can retain 16.8 mm of water, 
equivalent to about 21% of precipitation, and likely also has 
a strong influence on net soil water inputs. In this context, 
Siwach et al. (2021) also observed higher moisture contents 
under moss compared with bare soil in a temperate forest of 
the Indian Garhwal Himalaya during the monsoon, which 
was reversed in winter with far less precipitation. Recently, 
Hu et al. (2023) showed that more water can be stored in 
soils under moss than in soils without moss cover, with 
increases in water storage capacity of up to 57%, an even 
higher increase was measured in the plant-available water 
content (110% increase compared with no moss cover). 
These positive effects on soil water retention were primarily 
attributed to better pore distribution and the accumulation of 
organic matter under mosses (Hu et al. 2023).

Even though it has been known for a long time that 
mosses have a considerable influence on the soil water 
fluxes (Oltmanns 1884; Mägdefrau and Wutz 1951), there 
are still few studies that quantify this influence and many 
vegetation zones have been disregarded so far. To help fill 
this research gap, this study focuses on the influence of moss 
covers of different species on surface runoff, the amount of 
percolated water, soil loss, and the temporal dynamics of 
soil water content. The following hypotheses were tested for 
a temperate forest ecosystem:

(1)	 Mosses reduce surface runoff, soil loss and increase per-
colation, with the effect depending on the moss species.

(2)	 Mosses increase soil water content during rainfall simu-
lations compared to bare soil.

The experimental design consisted of an ex situ rainfall 
simulation with infiltration boxes which were equipped with 
biocrust wetness probes (BWP) at the surface and in 3 cm 
soil substrate depth to continuously record the soil water 
content for a duration of 30 min. In addition, we considered 
antecedent soil moisture in the experiments by performing 
rainfall simulations both with and without moss covers in 
both dry and wet conditions.

1 3



Biologia

Materials and methods

Properties of studied moss species and soil 
substrates

Soil substrates were collected from the wheel tracks of four 
skid trails as described in Gall et al. (2022a) in the Schön-
buch Nature Park in southwest Germany and distinguished 
according to their geological formation: Angulatensandstein 
(AS), Psilonotenton (PT), Löwenstein (LS) and Trossingen 
(TS) (Einsele and Agster 1986). Furthermore, we included 
a sandy substrate from the Palatinate Forest, which differs 
considerably from the other substrates in terms of its prop-
erties (Table 1). The designation of this substrate was also 
based on the geological formation: Bernburg (BB). Samples 
were taken from the topsoil to a depth of 10 cm and mixed 
topsoil samples were also collected for laboratory analysis.

The six moss species studied are native to southwest 
Germany (Nebel et al. 2001) and vary in terms of origin, 
classification and growth form. While Amblystegium ser-
pens (Hedw.) Schimp., Brachythecium rutabulum (Hedw.) 
Schimp., Eurhynchium striatum (Hedw.) Schimp. and Oxyr-
rhynchium hians (Hedw.) Loeske are pleurocarpous (side-
fruited), Plagiomnium undulatum (Hedw.) T.J.Kop. and 
Polytrichum formosum (Hedw.) G.L.Sm. exhibit an acro-
carpous (top-fruited) growth form. Regarding the origin of 
the moss species, we used both field-collected and labora-
tory-cultivated mosses. Cultures of A. serpens and O. hians 
were grown in hydraulic fluid in an in vitro environment by 
Hummel InVitro GmbH Stuttgart, Germany. Concerning the 
nomenclature of the moss species, we have used Hodgetts 
et al. (2020). The characteristics of the studied moss species 
are listed in Table 2 and their allocation to the soil substrates 

is based on their preferred growing conditions and the avail-
ability of the laboratory-cultivated moss species. The stud-
ied soil-moss combinations are displayed in Fig. 1.

Experimental setup

Soil substrates 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 from the top edge by installing a substructure of per-
forated metal. The infiltration boxes are made from stain-
less steel and have a triangular surface runoff gutter at the 
top and an outlet at the bottom to collect percolated water 
(Fig. 2). During rainfall simulations with the Tübingen rain-
fall simulator (Iserloh et al. 2013; Seitz 2015), two infil-
tration boxes were placed on a table with 20° slope. Drop 
falling height was adjusted to 3.5 m and mean rainfall inten-
sity was set to 45 mm h−1, which was simulated for a dura-
tion of 30 min. This setting refers to a rainfall event with a 
recurrence interval of 5 years (DWD Climate Data Center 
2021). Surface runoff, sediment and percolated water were 
collected in sample bottles (1 L). To measure water content 
during rainfall simulations, two biocrust wetness probes 
(BWP, UP GmbH, Cottbus, Germany) were installed per 
infiltration box in 3 cm substrate depth and in the first 5 mm 
of substrate surface. BWPs were connected to a GP2 Data 
Logger (Delta-T Devices, Cambridge, UK), which logged 
the electrical conductivity every 5 min at substrate surface 
and every 2 min at 3 cm substrate depth. These incongruent 
logging intervals were due to a technical error and were later 
interpolated to a one-minute interval for each measurement.

First, rainfall simulations were performed for bare soil 
substrates in air-dried condition, with 4 replicates for each 
substrate. The same infiltration boxes were watered once 

PT AS LS TS BB
Series Lower Jurassic Lower Jurassic Upper Triassic Upper Triassic Lower Triassic
Formation Psilonotenton-

Formation (PT)
Angulatensand-
stein-Formation 
(AS)

Löwenstein-
Formation (LS)

Trossingen-
Formation (TS)

Bernburg-For-
mation (BB)

Parent material shale clay sandstone sandstone claystone sandstone
Soil texture silty clay loam

sand: 6.88%
silt: 56.28%
clay: 36.93%

silt loam
sand: 7.00%
silt:67.58%
clay: 25.68%

clay loam
sand: 25.02%
silt: 42.43%
clay: 32.60%

silty clay loam
sand: 10.78%
silt: 50.83%
clay: 38.10%

loamy sand
sand: 82.63%
silt: 7.20%
clay: 9.80%

Soil organic 
carbon

5.25 4.34 4.39 8.02 4.93

Total nitrogen 0.30 0.25 0.19 0.40 0.20
pH 7.0 5.8 7.0 5.6 3.4
Water repel-
lency class 
(Dekker and 
Jungerius 1990)

wettable wettable wettable wettable extremely 
water repellent

Sample site
location

Tübingen
48.557425° N
9.114462° E

Tübingen
48.553054° N
9.119053° E

Tübingen
48.557527° N
9.088098° E

Tübingen
48.556036° N
9.089313° E

Kaiserslautern
49.424156° N
7.758673° E

Table 1  Soil substrate properties 
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Moss-covered infiltration boxes were also measured in dry 
and wet condition, again leading to a total of 40 measure-
ments with 20 each moss & dry and 20 each moss & wet 
condition. Altogether, 80 rainfall simulations were carried 
out.

again in wet soil condition 24 h later, which yielded in a total 
of 40 measurements, 20 each bare & dry and 20 each bare 
& wet condition. Second, moss samples were placed onto 
the substrate-filled infiltration boxes and stored in a shady 
place outdoors to adapt and grow on the substrate, until the 
next rainfall simulations were conducted five months later. 

Table 2  Characteristics of studied moss species from Thielen et al. (2021)
Amblystegium 
serpens

Brachythecium 
rutabulum

Eurhynchium 
striatum

Oxyrrhynchium 
hians

Oxyrrhynchium 
hians

Plagi-
omnium 
undulatum

Polytrichum 
formosum

Family Amblystegiaceae Brachytheciaceae Brachytheciaceae Brachytheciaceae Brachytheciaceae Mniaceae Polytricha-
ceae

Origin Laboratory Field Field Field Laboratory Field Field
Site 
charac-
teris-
tics

- ruderalized fertile 
meadow

coniferous forest dry hedge 
understore

- flood plain coniferous 
forest

Growth 
form

pleurocarpous pleurocarpous pleurocarpous pleurocarpous pleurocarpous acrocarpous acrocarpous

Dry 
moss 
bio-
mass 
per 
area 
[mg 
cm−2]

34.71 ± 3.67 27.12 ± 2.71 33.37 ± 5.77 24.30 ± 3.48 28.13 ± 2.05 24.60 ± 2.07 17.23 ± 0.69

Maxi-
mum 
water 
storage 
capac-
ity 
[mm]

4.95 ± 0.74 3.15 ± 0.31 3.34 ± 0.21 2.09 ± 0.12 2.70 ± 0.32 1.84 ± 0.29 0.76 ± 0.03

Fig. 1  Illustration of the studied soil-moss combinations
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saturated and once in dry condition (40  °C) to create lin-
ear calibration functions between minimum and maximum 
water content for each soil substrate.

Data analysis

All analyses were performed with R software version 4.0.4 
(R Core Team 2021) on the level of individual samples. 
Normality was tested with the Shapiro-Wilk test prior to all 
statistical tests, while homoscedasticity was verified with 
Levene’s test. Due to our sampling design with repeated 
measurements and the lack of normal distribution of most 
variables, we used Generalized Linear Models (GLM) with-
out interactions to screen for significant differences between 
the treatments as independent variable (bare & dry, bare & 
wet, moss & dry, moss & wet) and surface runoff, amount of 
percolated water and soil loss as dependent variable (using 
the R package “stats”). Significant differences were postu-
lated in all cases at p < 0.05. For all mean values described, 
the standard error was also given (mean ± standard error). 
Either Pearson or Spearman pairwise correlation analyses 
were performed to describe the relationships between dif-
ferent parameters.

Results and discussion

Surface runoff, percolation and soil loss in different 
soil-moss combinations

In general, average surface runoff was highest in bare & wet 
treatments (35.20 ± 2.34 L m−2) and significantly lower in 
bare & dry treatments (20.71 ± 2.46 L m−2, p < 0.001). All 

Laboratory analysis and BWP calibration

After rainfall simulations, the amount of surface runoff and 
percolated water was determined from the measuring scale 
of the sample bottles. Subsequently, surface runoff samples 
were evaporated at 40 °C in a compartment drier to weigh 
the eroded sediment. The following basic soil properties 
were determined for the mixed topsoil samples before the 
rainfall simulations: Grain size distribution with an x-ray 
particle size analyzer (Sedigraph III, Micromeritics, Nor-
cross, GA, USA), soil pH in 0.01 M CaCl2 solution with a 
pH-meter and Sentix 81 electrodes (WTW, Weilheim, Ger-
many), soil organic carbon (SOC) and total nitrogen with an 
elemental analyzer (element analyzer Vario EL II, Elementar 
Analysensysteme GmbH, Hanau, Germany). Soil bulk den-
sity was determinded after rainfall simulation with 100 cm³ 
core samples using the mass-per-volume method (Blake and 
Hartge 1986). The water drop penetration time (WDPT) 
according to Dekker et al. (2009) was determined when the 
hydrophobicity of the sandy substrate was observed during 
rainfall simulation.

Since electrical conductivity recorded by the BWP is 
temperature-dependent, a temperature correction was car-
ried out to adjust all measurements to a temperature of 
25 °C as suggested by Weber et al. (2016a). A BWP cali-
bration was conducted as described in detail by Thielen et 
al. (2021) for the soil substrates studied. However, the soil 
substrates in the current study showed a higher variability 
in their water content, which would have made extensive 
extrapolation of the data necessary. Therefore, a simplified 
calibration procedure according to the example of Weber et 
al. (2016a) was used in this case. For this purpose, the soil 
samples were weighed in 100 cm³ core cutters once in water 

Fig. 2  Illustration of an infiltration box. (a) Technical drawing of an infiltration box (Illustration: Julia Dartsch). (b) Infiltration boxes during 
rainfall simulations
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less water was percolated in bare treatments (p < 0.001), 
however, there was no difference between bare & dry and 
bare & wet treatments regarding the amount of percolated 
water. For all substrates, surface runoff was higher than per-
colated water for bare treatments, and the reverse was true 
for moss treatments (Fig. 3). The only exceptions were bare 
& dry treatment of PT and moss & wet treatment of BB. 

moss treatments had significantly lower surface runoff than 
bare treatments (p < 0.001), with no difference between moss 
& dry and moss & wet treatments. Conversely, the average 
amount of percolated water was highest in moss treatments, 
with significantly higher amounts for moss & wet treatments 
(18.17 ± 1.52 L m−2) compared with moss & dry treatments 
(13.58 ± 1.52 L m−2, p < 0.05). In comparison, significantly 

Fig. 3  Surface runoff and amount of percolated water [L m−2] per infil-
tration box with four treatments and five soil substrates (n = 4). Lines 
within boxplots represent median values, while bottom and top of the 

boxplot show the first and third quartiles. 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 points
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compared with the other substrates (p < 0.001). However, 
soil loss for BB was still 605 times lower in moss compared 
with bare treatments.

The effect of antecedent soil moisture on surface runoff 
and soil loss has been intensively studied and has led to con-
tradictory findings due to the complex interactions of a vari-
ety of influencing factors (Le Bissonnais et al. 1995; Sachs 
and Sarah 2017; Moragoda et al. 2022). Consistent with 
our results, Le Bissonnais et al. (1995) found that air-dried 
substrates produced less surface runoff compared with field-
moist substrates, which resulted in less soil loss in dry sub-
strates as well. Prior to our rainfall simulations, a rough soil 
surface composed of dry soil aggregates was visible in the 
bare & dry treatments of all loamy substrates, which were 
destroyed during the rainfall simulation, leading to pore 
clogging and thus sealing of the substrate surface. There-
fore, we suspect that at the beginning more water was able 
to infiltrate into the substrates until the surface was sealed, 
delaying surface runoff, which also resulted in less soil loss. 
This process occurred very quickly, which can be explained 
by the fact that dry soil aggregates are more susceptible to 
slaking than wet aggregates (Sachs and Sarah 2017). For 
this reason, many studies conclude that soil loss resistance 
increases with increasing soil moisture, at least up to a cer-
tain threshold value of soil moisture content (Moragoda et 
al. 2022). However, our experimental setup involved depen-
dent samples, so that the bare & wet treatments did not have 

For both surface runoff and amount of percolated water, 
there were no differences on average among the substrates. 
However, when all bare treatments were considered sepa-
rately, significant differences were found: BB produced 
more surface runoff than PT (p < 0.001), TS (p < 0.05) and 
LS (p < 0.05). Additionally, the amount of percolated water 
was considerably higher in PT than in all other substrates 
(p < 0.001), and significantly more water percolated through 
AS than through BB (p < 0.01) and TS (p < 0.01). For the 
moss treatments, surface runoff was significantly higher for 
BB than for all other substrates, while the amount of perco-
lated water did not differ.

The average sediment discharge was highest in bare & wet 
treatments (1065.01 ± 106.27 g m−2), more than 2000 times 
higher compared with moss & dry treatments (0.51 ± 0.16 g 
m−2). All bare treatments caused more sediment loss than 
moss treatments (p < 0.001) and while sediment discharge 
was significantly higher in bare & wet treatments than in 
bare & dry treatments (723.46 ± 114.99  g m−2, p < 0.05), 
there was no difference between moss & dry and moss & 
wet treatments (Fig. 4). Within bare treatments, there were 
considerable variations in sediment discharge between the 
substrates: PT showed the lowest sediment discharge with 
a significant difference to TS (p < 0.001) and BB (p < 0.01), 
while TS exhibited the highest sediment discharge with a 
significant difference to AS (p < 0.05). Within the moss treat-
ments, sediment discharge of BB was significantly higher 

Fig. 4  Sediment discharge [g m−2] per infiltration box with four treat-
ments and five soil substrates (n = 4). Substrates are plotted on the 
x-axis with PT = Psilonotenton, AS = Angulatensandstein, LS = Löw-
enstein, TS = Trossingen, and BB = Bernburg. Lines within boxplots 

represent median values, while bottom and top of the boxplot show the 
first and third quartiles. Whiskers extend up to 1.5 times the interquar-
tile range (IQR) of the data. Outliers are defined as more than 1.5 times 
the IQR and are displayed as points
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runoff and soil loss were significantly higher in the BB 
treatment covered with acrocarpous P. formosum, which 
was not considered in Thielen et al. (2021). This could be 
partly attributed to the structural traits of P. formosum, as 
it has the lowest total surface area (124.52 cm2), lowest 
shoot density (49.33 ± 11.86 shoots per cm2), lowest leaf 
frequency (17.33 ± 1.34 leaves per cm shoot), and second 
largest leaf area (2.78 ± 0.33 mm2) of all the moss species 
studied (see also Table 3 in Thielen et al. (2021), which also 
results in a very low maximum water storage capacity of 
0.76 ± 0.03 mm (Table 2)..

In addition to the soil-moss combinations we selected, 
there were two main factors that strongly influenced our 
measurements. Firstly, due to the weather conditions, des-
iccation cracks occurred in the loamy substrates, i.e. all 
substrates except BB, during the adaptation of moss covers. 
Secondly, the BB substrate was highly water repellent as 
described in Table 1. For this reason, there was an intensi-
fied preferential flow in all loamy substrates, which caused 
surface runoff to be strongly reduced. This superimposition 
by desiccation cracks makes it impossible to determine the 
individual contribution of the different moss species to sur-
face runoff and soil erosion reduction. Only the sandy BB 
substrate did not form desiccation cracks and its hydropho-
bicity (Doerr et al. 2000), which generally increases sur-
face runoff and soil erosion compared with wettable soils 
(Lowe et al. 2021), resulted in higher surface runoff for bare 
treatments compared with the loamy substrates. Also, the 
water-repellent substrate showed significantly higher sur-
face runoff and sediment discharge as well as lower volume 
of percolated water in the moss treatment compared with 
the loamy substrates. Despite the lack of desiccation cracks 
and occurrence of water repellency in this sample, however, 
the measured parameters were significantly reduced with 
mosses compared to the bare treatments, indicating still a 
high influence of the moss cover. Nevertheless, it should 
be taken into account that the presence of strong hydro-
phobic properties can modify the interaction between moss 
and substrate compared to bare substrates. Accordingly, a 
hydrophobic moss-covered substrate probably behaves dif-
ferently in terms of runoff formation than a wettable moss-
covered substrate. This effect requires further experimental 
research for a better understanding.

Temporal dynamics of water content in soil-moss 
combinations during rainfall simulations

The temporal progression of water content during rainfall 
simulations differed between treatments and substrates 
(Fig. 5). In principle, water content increased during rain-
fall simulation in all bare & dry treatments until an equilib-
rium was reached, with the water content at a depth of 3 cm 

any wet soil aggregates on the surface at the beginning of 
the second rainfall simulation, but were already sealed as 
just described. Consequently, the rainfall intensity exceeded 
the infiltration capacity of the soil, resulting in hortonian 
overland flow (Horton 1933). This caused more surface run-
off and soil loss in bare & wet treatments compared with dry 
conditions.

Differences between substrates regarding surface runoff, 
amount of percolated water and soil loss were evident within 
the bare treatments, excluding the influence of moss cov-
ers. These soil hydrological parameters are determined by a 
variety of soil properties such as soil texture, SOC, aggre-
gate stability, and many others (Le Bissonnais and Singer 
1993; Le Bissonnais et al. 1995; Knapen et al. 2007). Fur-
thermore, there are many environmental factors that influ-
ence these processes as well (Knapen et al. 2007), ranging 
from antecedent soil moisture to rain temperature (Sachs 
and Sarah 2017). In our experiment, the differences between 
the substrates could not be explained by the two soil proper-
ties studied, soil texture and SOC. We attribute this to the 
fact that all soil substrates, except BB, had very similar soil 
textures, and only TS had a considerably higher SOC com-
pared with the other substrates. To fully understand these 
relationships, it is necessary to survey a larger number of 
different soil properties and environmental variables.

When preparing our experimental setup, we hypothesized 
that moss covers absorb a high amount of water (Wang and 
Bader 2018; Thielen et al. 2021) and have a strong intercept-
ing effect (Price et al. 1997). This also means that a lot of 
water is stored in the capillary spaces of the mosses, which 
act as a runoff sink that delays runoff (Rodríguez-Caballero 
et al. 2012), and most likely facilitates infiltration into the 
soil. In addition, mosses can have a positive effect on soil 
structure (Hu et al. 2023), which also improves infiltration. 
Thus, mosses reduce surface runoff and prevent splash ero-
sion by “swallowing” raindrops, the extent depending on 
the moss species (Roth-Nebelsick et al. 2022; Tu et al. 
2022), both of which lead to reduced sediment discharge 
(Juan et al. 2023). In a previous experiment with the same 
soil-moss combinations (with the exception of the treat-
ment BB + P. formosum) (Thielen et al. 2021), we already 
demonstrated that the maximum water storage capacities of 
the different moss species differed and were substantially 
shaped by their structural traits, e.g. high shoot density, high 
leaf frequency and low leaf area. Therefore, we suspected, 
similar to the findings of Tu et al. (2022), different extents of 
surface runoff and soil erosion reduction depending on the 
moss species. However, this was not reflected in our results, 
as no variations in soil loss and surface runoff were found 
between moss species with acrocarpous and pleurocarpous 
growth form, which was the case for maximum water stor-
age capacities in Thielen et al. (2021). Nevertheless, surface 
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than in the bare & dry treatments. In the substrates TS, PT 
and AS, the water contents at a depth of 3 cm are in fact 
the same as on the substrate surface or even exceed them. 
Furthermore, water content increased less in the moss & wet 
treatments at 3 cm depth and reached lower values than in 
the bare & wet treatments. In comparison, BB stands out 

increasing clearly later than at the surface. For the bare & 
wet treatments, water content at the surface remained nearly 
the same, while it still rose at a depth of 3 cm. The tempo-
ral dynamics of water content in the moss treatments were 
similar, however, the difference between surface and 3 cm 
depth was less pronounced in the moss & dry treatments 

Fig. 5  Temporal dynamics of water content values [g g-1] of treatments 
and substrates during rainfall simulations (n = 4). Minute averages of 
water content are shown as points with standard errors. Water content 

was measured with biocrust wetness probes (BWP) at two positions: 
At the substrate surface and at 3 cm substrate depth
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at 3 cm substrate depth as on the substrate surface, indicat-
ing that mosses promoted the infiltration of water into the 
soil. In contrast, Tu et al. (2022) found that average infiltra-
tion rates of bare soils were not significant different from 
soils covered with mosses. However, there was a clear spe-
cies effect, as the moss described as Eurohypnum reduced 
infiltration rates by 6–8%. Compared to this, Xiao et al. 
(2011) conclude that artificially cultivated moss crusts sig-
nificantly increase infiltration. Likewise, Hu et al. (2023) 
found that soil water retention was higher under moss cov-
ers than in bare soils, which can be attributed to differences 
in soil structure. For example, soil macropores were more 
abundant and better connected under moss covers than in 
bare soils, although the thickness of the moss covers also 
played a decisive role (Hu et al. 2023).

Another phenomenon that became particularly clear 
in these results was the water repellency of BB. As also 
described in Lowe et al. (2021), water moved across the 
surface in rivulets during which dry substrate was brought 
back to the surface, so fluctuating water contents were also 
observed in the bare & wet treatments. It was remarkable 
that although percolated water was measured in BB, there 
was no increase in water content at the position of the BWP 
in 3 cm substrate depth. It can therefore be assumed that the 
water flow occurs almost solely as preferential flow in the 
outer edges of the infiltration boxes between soil substrate 
and metal edge. Again, the complex relationship between 
desiccation, hydrophobicity, and the individual plant effects 
of mosses superimposed by these factors requires further 
experimental studies.

Conclusion and outlook

In this study, we demonstrated that mosses have a large 
impact on surface runoff, amount of percolated water, and 
soil loss. Mosses significantly reduced surface runoff by 
91% and soil loss by almost 100% compared with bare soil, 
while the amount of percolated water was increased by 85%. 
On one hand, we attributed these strong impacts to the moss 
covers. On the other hand, these processes were superim-
posed by desiccation cracks and, partly, soil hydrophobicity, 
with the result that the respective influences of the moss spe-
cies and their traits were concealed. The temporal dynam-
ics of water content also showed clear differences between 
mosses and bare soil, which allowed us to understand more 
precisely the changes in surface runoff and percolated water 
volume. Moss treatments exhibited lower water contents at 
the substrate surface compared to bare treatments, illustrat-
ing the strong influence of desiccation cracks due to prefer-
ential flow on soil water fluxes. However, soil water content 

due to its considerably lower water content at the surface 
and dry conditions at 3 cm substrate depth in all treatments. 
Besides, the only difference between bare and moss treat-
ments in BB was that the water content in bare treatments 
fluctuated slightly over time, whereas it was continuous in 
the moss treatments. With regard to the substrates, there 
were differences in particular in the time it took for the water 
to percolate to a depth of 3 cm: while it took about 10 min 
for the BWP at 3 cm depth to respond in AS and LS, it took 
about 20 min in PT and TS, and no water was detected in 
BB. It is also noticeable that there is a tendency for lower 
water contents in moss treatments at 3 cm depth compared 
to bare treatments, which was particularly pronounced for 
the substrate LS. Furthermore, the water content dynamics 
in TS were different from the other substrates: In the bare 
treatments there was a clearly higher water content at the 
surface compared with 3 cm depth, and the water content 
increased in moss substrates at 3 cm depth compared to bare 
substrates.

These findings on the temporal dynamics of water con-
tent during rainfall simulation supported our theories of sur-
face runoff and percolated water volume described in the 
previous section. For instance, surface runoff was lower in 
the bare & dry than in the bare & wet treatments, which we 
attributed to a delay in runoff due to greater initial infiltra-
tion. In combination with these results, we could see that 
it took several minutes for the surface to be completely 
moistened in all substrates and it took correspondingly 
longer until the soil moisture also increased at a depth of 
3 cm. According to this, a high amount of water was first 
stored inside the substrate, which did not become effective 
for surface runoff. The rainfall simulation of the bare & wet 
treatments already began with water saturated soil surfaces, 
which resulted in more surface runoff. In addition, at a depth 
of 3 cm, there was still the potential to absorb water, and 
presumably at deeper levels as well, which overall resulted 
in no difference in percolated water volume between bare & 
dry and bare & wet treatments.

We attributed the tendency towards lower water contents 
at the substrate surface in moss treatments to the high water 
storage capacity of the mosses and the occurrence of desic-
cation cracks. Due to the desiccation cracks and the associ-
ated preferential flow, the water passed quickly through the 
soil and did not remain on the soil surface, which likely lead 
to lower water contents at the soil surface. In comparison, 
Tu et al. (2022) had studied the influence of moss covers on 
infiltration and surface runoff processes in karst bedrocks 
and found that more than 50% of the precipitation perco-
lated into the ground through karst cracks and only 1–17% 
were dedicated to surface runoff, whereby these ratios 
depended on the respective moss species. Interestingly, the 
water content in the moss treatments was often just as high 
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if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.
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