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Abstract
In an upland forested micro-catchment during the growing season, we tested soil responses to precipitation events as well as 
soil water content (SWC). We asked ourselves if what is the difference of SWC response to precipitation events depending 
on the presence and proximity of a tree? The environmental heterogeneity of the small 7.5-ha headwater area was captured 
by soil probes at specific locations: (i) probe measurements of SWC at 10-, 30-, 60-, and 100-cm depths; (ii) resolution of 
near-tree (NT) and between-tree (BT) positions; and (iii) resolution of four slope classes. The results revealed significant 
differences between the hydrological responses of the soil. NT soils had faster infiltration but were also faster to dry out 
when compared to BT soils, which were less affected by the presence of trees. Water input threshold values, measured as 
the precipitation amount needed to cause a significant increase in SWC, were also significantly different, with NT positions 
always lower than BT positions. Total infiltration of the topmost NT and BT soil layers reached 185 and 156 mm during the 
study period, corresponding to 43% and 36% of the total 434 mm of precipitation, respectively. Infiltration into the deepest 
horizon was significantly higher in NT soils, where it reached 114 mm (26%) as opposed to 9 mm (2%) in BT soils, and 
was indicative of significant vertical hydraulic bypass flow in the proximity of trees. These observations contribute to better 
understanding the hydrological processes, their nonlinearity, and the expansion of conceptual hydrological models.

Keywords  Soil water content · Watershed · Soil moisture dynamics · Slope class · Time-domain transmission methods · 
Growing season

Introduction

The basic influence of vegetation on runoff (water yield) 
from forested catchments has been well documented after 
decades of research (Bosch and Hewlett 1982; Hrachowitz 

et al. 2013), including the conditions in Central Europe 
(Eisenbies et al. 2007, Bíba et al. 2010, Švihla et al. 2016, 
Černohous et al. 2017). In general, reducing forest cover 
results in increased runoff, whereas reforestation reduces 
runoff in long term. Increased runoff has been attributed 
directly to the intensity of the reduction in forest cover (Pat-
ric 1978). At the same time, the hydrological response of 
a watershed to changes in vegetation cover is difficult to 
predict (Ganatsios et al. 2010).

The role of forests in mitigating floods (peak flows) is 
also significant; through evapotranspiration, trees create a 
deficit of soil moisture, which creates space for water reten-
tion. Among forest vegetation types, there are seasonal dif-
ferences in water use and interception owing to phenologi-
cal changes in the assimilation apparatus, which are mainly 
evident between evergreen and deciduous forests (Crockford 
and Richardson 2000; Eisenbies et al. 2007; Deutscher et al. 
2016; Kupec et al. 2019). Also, different strategies in the 
root architecture can be observed especially between oak and 
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spruce forest strands; oak planting has a higher impact on 
soil hydraulic properties, i.e., soil structure recovery, higher 
soil infiltration rates, and capacity as well (Julich et al. 
2021). Forest soils are generally associated with higher infil-
tration rates (Zimmermann et al. 2006; Agnese et al. 2011) 
and lower surface runoff (Jordán et al. 2008; Alaoui et al. 
2011) than other land cover types. Tree roots increase the 
number of macropores in the soil, connect drainage paths, 
reduce soil compaction, and improve soil structure, thereby 
increasing the infiltration rate and soil water storage capac-
ity (Malik et al. 2019; Guo et al. 2021; Revell et al. 2022). 
For a number of events, especially small- and medium-sized 
floods, additional forest can retain a considerable amount of 
water within the landscape, particularly in Central Europe, 
where river basins have been significantly altered in land-use 
structure (Wahren et al. 2012).

In this study, we deal with a smaller scale than a whole 
catchment. The study site is located in an elementary drain-
age area in the uppermost part of a forested upland head-
water micro-watershed in the temperate part of Central 
Europe. Uplands are a common type of georelief in Central 
Europe, and their importance in water resource manage-
ment is well recognized. Despite several comprehensive 
researches (McGlynn et  al. 2002; Šamonil et  al. 2010; 
Kuentz et al. 2017; McMillan 2020), we lack a sufficiently 
described influence of forest stands on the hydraulics of the 
soil environment, especially at the microscale. Understand-
ing the role of trees in water retention and water availability 
in streams is important, especially during this period of rapid 
global warming.

The manner in which precipitation water reaches the soil 
in forest stands has been well described in the literature 
(Levia et al. 2017; Van Stan et al 2020). The water input 
through the canopy is routed via stemflow and through-
fall. Throughfall is precipitation that passes either directly 
through the canopy or is initially caught by aboveground 
vegetative surfaces and subsequently drips down to the for-
est floor. Stemflow is precipitation that flows from leaves 
and branches and is channeled to the plant stem (Levia 
et al. 2011). Interception is the precipitation retained by the 
canopy. During the growing season (leafy phase) in Cen-
tral Europe, throughfall in beech (Fagus sylvatica) stands 
reaches approximately 65%, stemflow is 5%, and intercep-
tion is 30% (Staelens et al. 2008; Frischbier et al. 2019). 
For a mixed forest with a predominance of beech and oak 
(Quercus petraea), throughfall reaches 76.3%, stemflow is 
2.6%, and interception is 21.2% (Novosadová et al. 2023). 
Throughfall and stemflow values can vary significantly for 
different rainfall intensities. A study from Belgium showed 
that the amount of throughfall in the growing season does 
not exceed 12%, and stemflow does not exceed 8% for rain-
fall events of up to 5 mm (Staelens et al. 2006).

Both stemflow and throughfall reach the forest floor, 
where infiltration processes can begin. During infiltration, 
water enters the soil environment through the soil surface 
(Lal and Shukla 2004). The redistribution of infiltrated 
water is significantly affected by preferential flow pathways 
(Sidle et al. 2001), with multiple well-described flow path-
ways discerned as preferential. Early studies identified the 
importance of subsurface flow as a component of storm-
period streamflow (Mosley 1979, 1982). Subsurface pref-
erential flow is distinguished as laterally oriented pipe flow 
and rather vertically developed macropore flow (Jones 1971; 
Beven and Germann 1982, 2013; Uchida et al. 2001). There 
is a basic agreement that soil macropores originate from des-
iccation, growth, and decay of roots, mycelia, and burrowing 
animals (Coppola et al. 2009; Bachmair and Weiler 2011).

The infiltration area for stemflow near a tree is usually 
reported to be very small, < 1  m2 (Carlyle-Moses et  al. 
2020). The infiltration area for beech has also been reported 
to be < 0.1 m2 (Llorens et al. 2022) but can vary greatly 
from 0.04 to 11.8 m2 (Herwitz 1986; Van Stan and Allen 
2020). Studies have examined the differences in the ability 
of soil to infiltrate water depending on the distance from a 
tree: A study from the UK showed that at distances of 10 cm 
and 200 cm, there was 75% higher infiltration in winter and 
25% in summer for the distance closer to the tree (Revell 
et al. 2022). This study was conducted on clay soils, and it 
is probable that this phenomenon is more significant in more 
permeable soils. However, other studies have indicated that 
soils with a higher proportion of clay particles create better 
conditions for macropore formation (Jarvis 2007; Koestel 
et al. 2012). At the same time, Metzger et al. (2021) found 
that at the microscale, soils near-tree trunks have lower field 
water capacity and higher hydraulic conductivity, indicating 
high macroporosity through both living and dead roots. The 
vertical movement of water through macropores can accel-
erate its transport; otherwise, transport occurs by filtering 
water through the soil matrix at a rate that is several orders 
of magnitude slower (Johnson and Lehmann 2006; Liang 
et al. 2011; Spencer and van Meerveld 2016).

The ability of trees to influence soil permeability also 
depends on the tree species and the architecture of its roots, 
most notably its depth and horizontal extent (Pohl et al. 
2011), which affect other relevant soil attributes such as soil 
porosity, proportion of organic matter, and biomass (Chen 
et al. 2013; Hirte et al. 2018). Concurrently, the root type 
also affects soil water transport. While the main anchoring 
tap roots affect vertical water transport, fine (fibrous) roots 
have a greater effect on permeability in the lateral direction 
(Mitchell et al. 1995; Perkons et al. 2014; Fan et al. 2016). 
The simultaneous effect of primary and secondary roots on 
infiltration rate is not sufficiently understood (Zhang et al. 
2019).
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Slope inclination is another controlling variable associ-
ated with infiltration. One effect of slopes is the lower occur-
rence of standing surface water (Liu et al. 2011). Infiltration 
rates also generally decrease with increasing slope (Fox et al. 
1997). The topography is an important factor for infiltration, 
especially during precipitation events. However, the position 
of the slope and soil depth can be variable due to differ-
ences in vegetation cover, microtopography, and heterogene-
ity of soil texture. The relationships among slope topogra-
phy, soil properties, vegetation, and seasonal soil moisture 
patterns appear to be very complex (Dymond et al. 2021). 
One hypothesis to explain the dynamics of soil moisture on 
slopes is the so-called fill and spill (Tromp-Van Meerveld 
and McDonnell 2006), which considers the influence of the 
microtopography of the impervious subsoil and emphasizes 
the way the hydrological connectivity in subsurface satu-
rated zones occurs. Another relevant phenomenon of slopes 
is the uprooting dynamics of forest stands. Developed post-
uprooting terrain morphology can cause a slowdown in 
water runoff, increase the spatial heterogeneity of soil, and 
increase water retention (Šamonil et al. 2010; Valtera and 
Schaetzl 2017).

Nevertheless, our understanding of how trees affect 
soil hydraulic properties at the microscale remains limited 
(Chandler et al. 2018). Several studies have examined the 
chemistry (Dhiedt et al. 2022) or differences in the dynam-
ics of soil moisture under the tree and between the crowns, 
but they are either from a different environment (Breshears 
et al. 2009), take into account only one position of the slope 
(Dymond et al. 2021), do not take the slope into account 
(Abdallah et al. 2020), or perform measurements on only 

one soil depth (Ray et al. 2019; Rita et al. 2021). Jačka 
et al. (2020) and Juřička et al. (2022) also analyzed the soil 
moisture gradient on pit-mound microrelief slope. To the 
best of our knowledge, no studies have been conducted that 
describe the effect of precipitation on the dynamics of soil 
moisture depending simultaneously on: (i) the position near 
the tree and between trees, (ii) different slope positions, and 
iii) different soil depths. The absence of such work has been 
recognized in the current studies (Jochheim et al. 2022).

The effects of individual trees and the position on the 
slope on water transport are not well understood. Therefore, 
we aimed to answer the following questions: (1) What dif-
ferences (if any) exist in the response of the slope soil envi-
ronment to precipitation events depending on the presence 
of a tree? and (2) How does the presence of a tree affect the 
reaction to precipitation events and water distribution in the 
soil profile on a slope?

Materials and methods

Study site

The study was conducted in a micro-watershed of a left 
side nameless tributary of the Žilůvecký Brook in Babice 
nad Svitavou, Brno, Czech Republic (49.2901189  N, 
16.6747356 E) (Fig. 1). The study site was located in the 
headwater area of an upland forested catchment in the tem-
perate zone of Central Europe. The micro-watershed cov-
ers 7.59 ha with an altitude ranging 325 to 370 m a. s. l. 
The long-term 30-year average annual air temperature and 

Fig. 1   Study site (watershed) location within the Czech Republic (right), the watershed shape and its slope values (left)
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the mean annual precipitation reach 10.0 °C and 606 mm, 
respectively, and April–October growing season 16.8 °C and 
427 mm, respectively (CHMI 2023). For 2022, the seasonal 
values reached 14.8 °C and 434 mm, respectively.

Tree species composition on the site consists of sessile 
oak (Quercus petraea [Mat.] Liebl.), European beech (Fagus 
sylvatica L.), Scots pine (Pinus sylvestris L.), and European 
hornbeam (Carpinus betulus L.), with average proportions 
of 27.4, 28.5, 13.8, and 12.5%, respectively, along with 
an admixture of deciduous European larch (Larix decidua 
Mill.), Norway spruce (Picea abies (L.) H. Karst.), small-
leaved lime (Tilia cordata Mill.), European ash (Fraxinus 
excelsior L.), and silver fir (Abies alba Mill.). Most of the 
stands comprise middle-aged trees of 61–81, 41–60, or 
21–40 years, with a land cover of 45.5%, 32.7%, and 10.0%, 
respectively. Stands aged 1–20 years are rare, with an area of 
just 4.8%. The herbaceous undergrowth is typical of natural 
oak–hornbeam and beech–oak forests.

The subsoil consists of granodiorite with an irregular 
admixture of loess and loams, with actual soil type depend-
ing on loess loam thickness. Soils are classified as Hyper-
skeletic Leptosols alternating with Skeletic Cambisols on 
upper slopes, Eutric (Haplic) Cambisols alternating with 
Gleyic Stagnosols on middle and lower slopes, depending 
on proximity to the stream source, and Skeletic Cambisols 
alternating with Luvic Cambisols on flats slope. Thus, the 
area displays a relatively high diversity of soil types, despite 
its relatively small size.

Data acquisition

SWC monitoring

Various electromagnetic methods based on the water–soil 
dielectric permittivity are typically used to measure the 
SWC of soils in situ (Vereecken et al. 2008). We used one of 
the most accurate time-domain transmission (TDT) methods 
(Robinson et al. 2003; Wild et al. 2019), which is suitable for 
ecological and hydrological catchment-scale observations. 
TDT sensors determine soil moisture more accurately than 
other methods because they do not register the trend of offset 
errors. Other types of sensors are burdened with this error, 
probably due to the limitations of the monitored soil sample 
volume and the effect of compaction around the electrodes 
during installation (Robinson et al. 2008). Initial calibra-
tion of the sensors was carried out in air under laboratory 
conditions. To prevent error due to the small measurement 
distance from the sensor, we installed each sensor in soil 
sieved through a 2-mm sieve. This type of sensor is usually 
installed in the vertical position; however, due to our meas-
urement design, we proceeded to install them horizontally: 
(i) to better capture the areal distribution of roots, which 
are the transport interface for soil water flow, and (ii) to 

capture spatial gradients between soil profiles, especially in 
the 10 cm = Ah/B horizons.

Time changes were monitored using the TMS-4 micro-
climate data logger (Wild et al. 2019), which continuously 
registers SWC using the TDT method discussed above. Each 
sensor was placed in a horizontal position in approximately 
2-L pocket of purposely sieved soil (< 2 mm) to eliminate 
erroneous measurements caused by coarse rock fragments.

The study area was divided into four slope classes (Fig. 2) 
using ArcGIS Topographic Position Index tool (Weiss 
2001). Three measuring nests were installed on each slope 
class. Two soil profiles were located in each measuring nest: 
(i) near-tree (NT), positioned downslope 50 cm from a tree 
trunk; and (ii) between-tree (BT), positioned downslope 
from a tree trunk in the nearest crown gap, which repre-
sented a location unaffected by stemflow. In each case, the 
SWC was measured under the tree species with similar root 
architecture, i.e., beech, oak, and hornbeam. The sensors 
were placed 10, 30, 60, and 100 cm below the surface. The 
depth of the soil did not reach 60 and 100 cm in all the 
positions, which resulted in different numbers of sensors at 
the individual depths (N). The following depths were avail-
able in each slope class: upper slope (UPPS): 10 and 30 cm; 
middle slope (MIDS) and flat slope (FLATS): 10, 30, and 
60 cm; and lower slope (LOWS): 10, 30, 60, and 100 cm. 
This design resulted in 12 paired positions with measured 
soil profiles, and a total of 72 TMS-4 sensors were installed 
in the study area.

The map represents the elementary drainage area with 
identified slope classes and sensor locations: (a) upper 

Fig. 2   Spatial distribution of four slope classes. Slope information 
and sensor placement
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slope locations (UPPS # 2, 5, and 11); (b) middle slope 
locations (MIDS # 1, 7, 8, and 3); (c) lower slope loca-
tions (LOWS # 6, 9, and 10), and (d) flat slope locations 
(FLATS # 3, 4, and 12).

The sensors were set up to obtain readings every 
15 min. The sensors were installed at the site during Sep-
tember and October 2021; however, to ensure sufficient 
consolidation of the returned soil, monitoring began on 
April 1, 2022, at the beginning of the growing season. 
The sensor output was TMS Moisture Signal data “raw 
data,” which were later converted to SWC individually 
for each slope and depth position (see “SWC conversion” 
Section).

Soil temperature and rainfall monitoring

The soil temperature was monitored using a TMS-4 sen-
sor in the same measurement mode as the SWC. The soil 
temperature was used as a factor for the selection of pre-
cipitation periods to ensure that the ground was never 
frozen (see “Selection of infiltration events and their sta-
tistical evaluation” Section). Rainfall and air temperature 
were measured at 15-min intervals by a climatic station 
(AMET, Litschmann and Suchý, Velké Bílovice, Czech 
Republic) located approximately 0.5 km away from the 
study site.

Data processing and statistical analysis

SWC conversion

The TMS calibration utility (Wild et al. 2019) was used to 
convert “raw data” (~ 500–3600) to volumetric soil mois-
ture (0–100%). Other input data used in the conversions 
include: (i) soil particle size distribution (PSD; clay: less 
than 0.002 mm; silt: 0.002–0.05 mm; and sand: 0.05–2 mm) 
and (ii) soil bulk density (BD), which defined the calibration 
curves. These two soil properties were determined based on 
soil samples collected individually from each sensor loca-
tion (n = 72). The output of this conversion was a 72-soil 
moisture time series that reflected the specific PSD and BD 
for each slope class, NT/BT position, and depth. This con-
version achieved the maximum possible level of quality for 
the detected SWC for subsequent analyses.

2.3.2. Summary statistics

The 15-min SWC records were aggregated into daily aver-
age values for each individual depth. These data are pre-
sented in Table 1. Data were tested for normality using the 
Shapiro–Wilk test. None of the series passed the normality 
test, so the non-parametric Wilcoxon test was used. Statisti-
cal analyses were performed using R software (R version 
R 4.2.1 GUI 1.79 High Sierra build and RStudio version 
2022.07.2 + 576; R Core Team 2017).

Table 1   Descriptive statistics of the SWC time series: (I) median 
SWC (cm3/cm3); (II) mean SWC (cm3/cm3); (III) N = number of sen-
sors in a depth; (IV) mean SD = mean standard deviation calculated 
from daily SDs for every day in the period; (V) CV = coefficient of 
variation; (VI) DF of NT and BT = difference of mean SWC between 
NT and BT (cm3/cm3); (VII) non-parametric Wilcoxon test; (VIII) 

max SWC = maximum SWC (cm3/cm3); (XI) min SWC = minimum 
SWC (cm3/cm3); (X) RS to prec = response to precipitation calculated 
as the maximum inter-day increase in SWC (cm3/cm3); (XI) ReS 
of RS = % response to precipitation to mean SWC; and (XII) DF of 
prec RS of NT to BT = % difference of relative precipitation response 
between NT and BT

p-value ** < 0.01, and *** < 0.001
a Wilcoxon test

Depth and location 10-cm NT 10-cm BT 30-cm NT 30-cm BT 60-cm NT 60-cm BT 100-cm NT 100-cm BT

Median SWC 0.300 0.306 0.271 0.274 0.303 0.314 0.357 0.323
Mean SWC 0.287 0.304 0.277 0.286 0.303 0.321 0.357 0.334
N 12 12 12 12 9 9 3 3
Mean SD 0.050 0.065 0.062 0.037 0.082 0.071 0.066 0.068
CV (−) 0.17 0.22 0.22 0.13 0.27 0.22 0.18 0.20
DF of NT and BTa − 0.016** − 0.008 − 0.018*** 0.023***
WXP testa 0.0086 0.0761 8.76E−08 1.631E−15
Max SWC 0.395 0.399 0.366 0.380 0.353 0.371 0.414 0.379
Min SWC 0.157 0.193 0.179 0.199 0.246 0.267 0.302 0.300
RS to prec 0.117 0.102 0.075 0.065 0.031 0.019 0.042 0.004
ReS of the RS 40.9 33.6 27.1 22.7 10.3 6.0 11.7 1.1%
DF of prec RS of NT to BT 7.3 4.4 4.3 10.5
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Selection of infiltration events and their statistical 
evaluation

The study period was the growing season, which lasted 
from April 1 to October 31, 2022. During this period, we 
attempted to identify all non-negligible infiltration events 
(Liang et al. 2011), regardless of the source rainfall char-
acteristics (quantity/intensity). We used the procedure from 
Wang et al. (2013) and assumed that water reached a certain 
depth when the soil moisture content began to increase. The 
uppermost (10 cm) soil layer at the NT position was used 
as the representative soil layer. We selected time periods 
that met the following criteria for rainfall infiltration events 
(RIEs): (i) The soil temperature did not fall below 0 °C; (ii) 
SWC increased by more than 0.005 cm3/cm3 (Liang et al. 
2011) at a depth of 10 cm in the NT position; and (iii) the 
end of the event was set when the SWC reached a steady 
regime, following the method described by Wang et al. 
(2008).

For individual RIEs, minimum and maximum SWC val-
ues for each depth, slope class, and NT and BT positions 
were analyzed. Values greater than 0 indicated infiltration 
and negative values indicated zero soil response to the rain-
fall event. By adding ΔSWC for all NT and BT positions at 
the respective depths, we obtained the total positive SWC 
change that occurred throughout the entire growing season 
in cm3/cm3, which corresponds to the total rainfall infiltra-
tion during the growing season. This relative volume change 
was recalculated as cumulative amounts in milliseconds of 
infiltrated water according to the depth of the horizon and its 
SWC. The two topmost sensors (10 cm and 30 cm) represent 
20 cm of soil depth, i.e., 0–20 and 20–40 cm, respectively. 
The two deep sensors (60 cm and 100 cm) represent a soil 
depth of 40–80 and 80–120 cm, respectively. In total, up to 
120 cm of soil depth was described this way.

The ΔSWC series were tested for normality using the 
Shapiro–Wilk test. No series passed the test; therefore, the 
non-parametric Wilcoxon test was used to indicate the dif-
ferences between ΔSWC for NT and BT at each depth. The 
ΔSWC series were then correlated to the sum of the pre-
cipitation in individual RIEs. Correlations with Pearson’s 
correlation coefficient were graphically presented using the 
ggplot2 function in R (“ggplot2” package version 3.4.1; 
Wickham 2016).

Results

General trends in the dynamics of SWC

During the 2022 growing season, 19 RIEs and non-negli-
gible infiltration events occurred (Fig. 3). The precipitation 
in the events ranged from 5.1 to 47.25 mm, and the rainfall 

intensity ranged from 1.03 to 6.80 mm/h. Total precipita-
tion during RIEs reached 315 mm out of 435 mm for the 
entire period, which corresponds to approximately 72% of 
all precipitation infiltrated in the topsoil NT. Therefore, 28% 
of total precipitation did not cause infiltration. Upon visual 
inspection, SWC in the NT and BT positions exhibited the 
following fundamental differences:

(1)	 The decrease in SWC after the peak was always greater 
at the NT positions and at all depths. This is less appar-
ent at the beginning and end of the growing season; we 
attribute this phenomenon to the ongoing evapotranspi-
ration (ET) of trees.

(2)	 The peak of the SWC increase was more pronounced 
in NT compared to BT. This phenomenon was more 
obvious when the total precipitation was higher and 
similar at all depths.

(3)	 The difference in SWC dynamics was most noticeable 
at a depth of 100 cm. For BT, there were practically 
no changes in SWC and, therefore, no infiltration (or 
runoff) of rainwater in the deepest layers of the soil. 
Concurrently, for NT, there was a regular increase dur-
ing RIEs, as well as a persistent decrease in SWC after 
the initial peak. This indicates that both infiltration 
and some form of water uptake occurred, suggesting 
different roles of the NT and BT positions in vertical 
hydrological connectivity.

Across all slope classes, the coefficient of variation for 
all the depths and for both NT and BT positions reached 
approximately 20% (13–27%; Table 1). This supports the 
mean SWC as a relevant descriptive characteristic for long-
term (the duration of the growing season) evaluation and 
reflects the robustness of the experimental design. Even 
though there was variability in the data (see Table 1), this 
suggests that the long-term soil response can be interpreted 
regardless of the slope class position.

The mean SWC was approximately 1% (0.8–1.8%) higher 
in BT position than that in NT position in all but the deepest 
horizon. In the deepest horizon, the mean SWC was more 
than 2% higher in the NT position. This indicates that the 
largest amount of water was retained in the deepest horizon, 
NT. The maximum reaction to precipitation calculated from 
inter-day changes was higher in NT than that in BT at all 
depths and was approximately 11% in the deepest horizon, 
indicating higher infiltration in the NT positions.

The soil reaction to precipitation during RIEs

The highest correlation of ΔSWC to precipitation amounts 
was in the topmost layer (10-cm depth, n = 12; Fig. 4) where 
R2 reached 0.76 and 0.70 for NT and BT, respectively. 
The b coefficient of the linear trend was interpreted as the 
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threshold value for the water input (for infiltration to occur). 
In the topmost soil layer, it reached 5.48 and 6.68 mm for NT 
and BT, respectively. In addition, individual slope classes 
reacted slightly differently.

At depths of 30 cm (N = 12), a decrease in the correlation 
was evident (0.44 and 0.56 for NT and BT, respectively). As 
shown in Fig. 4, the two linear trend lines are wide apart, 
indicating a considerable difference in the reaction to pre-
cipitation, especially for higher precipitation events. The 
threshold for water input occurred at 10.6 and 10.3 mm for 
NT and BT, respectively; however, a significantly higher 
variability from 5 to 37 mm was observed. In addition, there 
were a number of events with precipitation amounts over 
20 mm, causing very little infiltration.

At depths of 60 cm (N = 9), a further decrease in the 
correlation was evident (0.44 and 0.25 for NT and BT, 

respectively). The linear trend lines of both NT and BT 
were almost parallel. The thresholds for water input were 
11.3 and 14.0 mm for NT and BT, respectively. In some 
of the slope classes, the reaction to precipitation was neg-
ligible, especially for BT (red dots along the vertical axis; 
Fig. 4).

At depths of 100 cm (N = 3), the correlation was surpris-
ingly high, especially for NT (0.66 and 0.37 for NT and BT, 
respectively). The two trend lines are wider apart, and NT 
exhibited a much higher infiltration. The threshold for water 
input was 7.2 and 12.8 mm for NT and BT, respectively. The 
differences in this deep soil layer were mainly caused by the 
extremely low reactivity of the BT positions. This indicates 
that in BT, most of the infiltration water did not reach the 
deepest soil layer, even in the case of several precipitations 
above 20 mm and one above 45 mm.

Fig. 3   SWC dynamics in NT and BT positions during the 2022 grow-
ing season at depths of 10, 30, 60, and 100 cm. Dark blue line indi-
cates average SWC for all NT positions at specific depths and orange 

line likewise for BT positions. Light blue vertical strips indicate dis-
tinguished infiltration events and red lines on the very top indicate 
precipitation. (Color figure online)
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The three upper soil layers exhibited similar behavior 
in response to precipitation events. The greatest difference 
was observed in the deepest layer (100 cm). Notably, the 
water input threshold of NT was 5–6 mm lower than that 
of BT. At the same time, the unexpectedly high correlation 
in the NT horizon (higher in the upper layers at 30 and 

60 cm) is indicative of good hydraulic connectivity and 
probably the so-called hydraulic bypass (see Discussion).

Cumulative infiltration for the study period

Total infiltration reached 185 and 156 mm in the upper-
most horizon at NT and BT, corresponding to 43% and 

Fig. 4   The correlation of ΔSWC (mm) to the sum of precipitation 
during RIEs; BT = red. NT = blue (points and lines); the gray interval 
represents the confidence interval at the significance level p < 0.05; 

dashed line is 1:1 ratio of precipitation sum (mm) to ΔSWC (mm). 
(Color figure online)
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36% of the total 434 mm of precipitation, respectively 
(Table  2). With increasing depth, it was possible to 
observe a decrease in the amount of infiltrated water, both 
absolutely and relatively (vertical decrease), except for the 
deepest soil layer (100 cm) in the NT position. Here, the 
infiltration was significantly higher in the NT position, 
where it reached 114 mm (26%) and only 9 mm (2%) in 
the BT position. The vertical connection between the 60- 
and 100-cm soil layers was very different for NT and BT. 
In the NT position, an increase of 4% was observed as 
opposed to a 10% decrease in the BT position. The fact 
that more water reached the deepest soil layer NT than the 
upper layer (60 cm) is indicative of some form of hydraulic 
bypass (see Discussion).

The ratio of water input was calculated as the propor-
tion of cumulative water input at individual depths to the 
total precipitation during the study period. The values are 
arranged in descending order: 10, 30, 60, and 100 cm. In 
contrast with the long-term variability in the slope classes, 
which was rather low (Fig. 1), there was greater variabil-
ity between the NT and BT positions for individual slope 
classes, which increased with soil depth (Table 3). At 
10 cm, the variability was still very low (0.9–1.3), except 
for the LOWS class, where the ratio increased to 2.0 but 
was still insignificant. At 30 cm, the variability was higher 
(0.7–2.3), except for the LOWS class, where the ratio 
reached 4.0, with a statistically significant difference. In 
contrast, for MIDS and FLATS, the ratio remained simi-
lar, with a slight predominance of water input in the BT 
positions. At 60-cm BT, a surprisingly low water input 
was found in the MIDS and LOWS classes, reaching only 
12.8 mm and 3.9 mm, respectively, as opposed to the much 
higher input NT (59 and 175 mm in MISA and LOWS, 
respectively). In particular, the statistically significant 
disproportion of water input at LOWS reached 44.4 mm. 
Another statistically insignificant difference is the almost 

double water input BT at FLAT. For the deepest soil layers 
(100 cm), a significant disproportion (also absolute) of the 
water input reached 13.0 in favor of NT.

Table 2   Cumulative water 
inputs for 10, 30, 60, and 
100 cm during the 2022 
growing season

NT BT Difference Ratio Vertical 
decrease

Cumulative water input (mm) 185.4 156.2 29.2 1.2 NT BT
121.0 76.2 44.7 1.6 64.40 79.94
94.8 51.6 43.2 1.8 26.20 24.62
113.6 8.8 104.8 12.9 − 18.84 42.80

Ratio of water input (%) 43 36 7 1.2 NT BT
28 18 10 1.6 0.15 0.18
22 12 10 1.8 0.06 0.06
26 2 24 12.9 − 0.04 0.10

Frequency of infiltration events (n) 19 16 3 1.2 NT BT
14 13 1 1.1 5 3
10 8 2 1.3 4 5
11 2 9 5.5 − 1 6

Table 3   Soil water content change (Δ) at distinguished soil depths 
within each hillslope class at NT and BT

The maximum amount of water that has been shown to infiltrate a 
given aquifer in response to a precipitation event. For long events, 
some of the infiltrated water may have been lost (evapotranspira-
tion and various types of runoff). Wilcoxon test, p-value * < 0.05, 
** < 0.01, and *** < 0.001

DSmax NT (mm) BT (mm) NT/BT

10 cm
UPSS 258.90 199.09 1.3
MIDS 159.32 182.77 0.9
LOWS 181.62 90.90 2.0
FLATS 185.25 180.43 1.0
All 185.45 155.34 1.2
30 cm
UPSS 252.23 110.82 2.3*
MIDS 46.63 67.47 0.7
LOWS 101.51 25.36 4.0**
FLATS 107.38 124.86 0.9
All 121.20 76.16 1.6
60 cm
MIDS 59.15 12.79 4.6*
LOWS 175.04 3.94 44.4***
FLATS 80.34 144.76 0.6
All 95.42 50.88 1.9***
100 cm
LOWS 113.36 8.74 13.0**
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Discussion

Stemflow, water input precipitation threshold, 
and infiltration hotspots

The NT probes were placed 0.5-m downslope from a tree 
trunk, which Metzger et al. (2021) suggested as the aver-
age critical distance of the tree-to-soil effect. Here, we 
assumed the full effect of the crown on interception. BT 
probes were placed in the nearest canopy gap along the 
contour line. Here, we assumed that crown interception 
was close to zero and the throughfall precipitation to be 
almost identical to that in the open area where precipita-
tion was measured. Novosadová et al. (2023) found similar 
conditions in a beech–oak stand during the growing season, 
where the throughfall reached 76.3% and stemflow 2.6%. 
We, therefore, assumed that the amount of effective rainfall 
would be significant and at least 20% higher at the BT posi-
tions compared to that in the NT positions. According to 
our results, the soil response does not reflect this; the sum 
of ΔSWC was almost always higher for the NT positions 
(Table 3), which agrees with the results of similar studies 
(Pressland 1976; Llorens et al. 2022). Similarly, the pre-
cipitation threshold for water input in the 10-cm horizon 
was also lower (5.48 mm) in NT position compared to that 
in the BT position (6.68 mm) (Fig. 4). These findings sug-
gest that the partitioning of rainfall to infiltration is even 
greater in the NT position than that in our results.

This could be explained by a combination of (i) a higher 
rooting at the NT position presenting an increased number of 
preferential infiltration pathways and (ii) the effect of stem-
flow, which represents a concentrated point source of water 
entry. Some studies show that the contribution of stemflow 
to water intake (total recharge) can reach approximately 
10–20% (Taniguchi et al. 1996), according to German studies 
(Meesenburg et al. 2009) 10–16%, and according to a Euro-
pean comparison 3–25% (Germer et al. 2012). These values 
are likely dependent on the intensity of rainfall events (Joch-
heim et al. 2022) rather than on the total annual precipitation 
(Berger et al. 2008). The role of stemflow was also evidenced 
in our study by the longer duration of the increase in ΔSWC 
at the NT positions after rainfall (Fig. 3). Trees are known 
to efficiently adapt the distribution of their root system and 
displace pore water (Al Hagrey 2007). The course of SWC at 
NT versus BT could be then partly explained by the different 
suction potential of the absorbing roots in BT positions which 
could make the infiltration on this position even more difficult.

We understand these phenomena to be clear evidence of 
the existence of stemflow infiltration hotspots. However, it 
should also be noted that the results can be affected by the 
method of selecting precipitation events that entered into 
this analysis. We specifically chose all significant infiltration 

events when ΔSWC increased by more than 0.005  cm3/
cm3 in the topmost soil layer (Liang et al. 2011), with no 
regard to the source of rainfall event intensity. During the 
study period, 28% of precipitation (approximately 121 mm; 
usually events less than 5 mm) did not result in significant 
infiltration and was excluded from the analysis. Limited 
rewetting of the soil, water infiltration, and percolation can 
also be partly explained by soil repellency, which is higher 
the lower the previous soil saturation, especially in topmost 
layer (Greiffenhagen et al. 2006; Wessolek et al. 2008). This 
can be one of the reasons for the nonlinear response of SWC 
to some precipitation events.

One possible use of our results is in the inclusion in con-
ceptual hydrological models, especially meso- and micro-
scale, which are numerous and frequently used in current 
hydrological and environmental assessment studies (Liu 
et al. 2019). In lumped hydrological models, preferential 
water flow is generally ignored, similar to physically based 
models, although there is an overstatement that all drainage 
from the basin is preferential (Weiler 2017). This allows for 
the incorporation of the current knowledge on preferential 
flow. For example, combined stemflow quantification (infil-
tration height converted to crown area) and quantification of 
the resulting SWC increase at individual depths can be the 
basis for the calibration of a detailed hydrological model.

Slope class and preferential flow pathways

At NT LOWS, the course of cumulative ΔSWC at depths of 
10, 30, and 60 cm reached 181.62, 101.51, and 175.04 mm, 
respectively. The higher water input (75%) at 60 cm, as 
opposed to 30 cm, is indicative of some form of bypass flow. 
At BT LOWS, a similar course of ΔSWC was not observed, 
and the values decreased with depth, reaching 90.90, 25.34, 
and 3.94 mm for 10, 30, and 60 cm, respectively. A plausible 
explanation is again offered by vertical preferential infiltra-
tion or hydraulic bypass fueled by stemflow. Regardless of 
slope class, this NT behavior is supported by the almost 
identical threshold for water input into the 30- and 60-m 
depths that reached 10.6 and 11.3 mm, respectively (Fig. 4). 
Interestingly, we observed a similar less pronounced phe-
nomenon at BT FLATS, where the course of the increase in 
ΔSWC was 180.43, 124.86, and 144.76 mm for 10, 30, and 
60 cm, respectively. This behavior cannot be explained by 
stemflow, but rather by some form of vertical bypass flow 
or the manifestation of lateral pipe flow, possibly due to 
the existence of an underground burrow hole (Uchida et al. 
2001). Also, the decreasing correlation and widening of lin-
ear trend lines in Fig. 4 may be indicative of preferential flow 
pathways typical for forest soil environment but also increas-
ing complexity with depth. For the sake of completeness, the 
design we used could not capture this complexity in detail, 
though it was ultimately not our goal.
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Another significant difference between the NT and BT 
positions was the behavior in the deepest 100-cm soil layer. 
The cumulative ΔSWC increased by 113.36 and 8.74 mm 
for NT and BT, respectively (Fig. 3, Table 3). The apparent, 
but unquantified, decreasing course of NT SWC at depths of 
100 cm was steepest in the summer months, as opposed to a 
rather stable course at BT, indicating transpiration and/or lat-
eral runoff even at NT positions. Finally, a significant decrease 
rather than an expected increase in precipitation threshold for 
water input between 60 and 100 cm from 11.3 to 7.21 mm 
at NT positions can be explained again by preferential flow 
with the following explanations: (i) transformation of stemflow 
along the root system into infiltration, (ii) utilization of vertical 
bypass flow, or (iii) their combination (Ghestem et al. 2011).

In the case of oak stands, tracing experiments explain the 
existence of direct vertical water transport by preferential 
flow along the main vertical tap root (Danjon et al. 1999). 
Around beech trees, the root network controls the entry of 
stemflow water and provides lateral redistribution of water 
through the soil matrix. Due to this effect, large parts of the 
soil matrix can be bypassed by rapid interflow downslope 
as suggested in the previous studies (Schwärzel et al. 2012). 
Simultaneously, a greater amount of organic matter at NT 
positions, which is a more suitable habitat for earthworms, 
increases the occurrence of preferential flow in the soil and 
supports infiltration (Devitt and Smith 2002; Jačka et al. 
2021). Earthworms create their own paths (burrows) and 
connect the gaps between soil particles, thereby promoting 
water retention in the soil and percolation. In deeper soil 
horizons, more permanent vertical burrows can be created, 
and deep tree roots play an important role in the preferential 
transport of water into the deeper layers of the soil profile 
(Tomlin et al. 1995; Pitkänen and Nuutinen 1998). This may 
explain why we also found indications of hydraulic vertical 
bypass flow at some BT positions, even though they were 
only found in the FLATS class.

In contrast, vegetation can efficiently deplete water from 
deeper layers through evapotranspiration and thus has a dom-
inant influence on the connection/disconnection of surface 
water and groundwater (Banks et al. 2011). This was men-
tioned above, where our results confirmed faster water deple-
tion from the 100-cm depth at the NT positions. The influence 
of topography on the hydrological functioning of slope envi-
ronments has been studied for a long time. However, there is a 
gap in the knowledge regarding the influence of vegetation on 
temporal and spatial relationships and soil moisture gradients, 
especially in forest ecosystems (Troch et al. 2009).

The relationship between slope and soil moisture is related 
to (micro)topography, soil texture, and vegetation type (Burt 
and Butcher 1985; Nyberg 1996; Tromp-Van Meerveld and 
McDonnell 2006). The differences between different slope 
classes in a watershed are complex (Francis et al. 1986). 
We had difficulties locating field data with which we could 

compare our results. Results of Dymond et al. (2017), for 
example, showed that according to the slope gradient, LOWS 
should generally be wetter than MIDS and UPPS, which was 
also confirmed in our case for MIDS (backslope) but not for 
UPPS (summit), where we registered a higher SWC at all 
available depths (10 and 30 cm), even at BT positions. At 
MIDS, we did not have SWC measured at the 100-cm depth. 
For UPPS, depth was not measured at 60 cm due to the low 
depth to the parental bedrock. Our results indicate that the 
role of the slope class is less important for long-term SWC 
dynamics when both precipitation-free and precipitation-
affected periods are included (Table 1). However, it can be 
significant in the soil moisture reaction directly after rainfall 
and rainfall infiltration, especially in LOWS (Table 3).

Application in hydrological modeling

One possible use of our results is in the inclusion in con-
ceptual hydrological models, especially meso- and micro-
scale, which are numerous and frequently used in the current 
hydrological and environmental assessment studies (Liu et al. 
2019). In lumped hydrological models, preferential water 
flow is generally ignored, similar to physically based mod-
els, although there is an overstatement that all drainage from 
the basin is preferential (Weiler 2017). This allows for the 
incorporation of the current knowledge on preferential flow. 
For example, combined stemflow quantification (infiltration 
height converted to crown area) and quantification of the 
resulting SWC increase at individual depths can be the basis 
for the calibration of a detailed hydrological model (Fig. 5).

Conclusions

We conducted a comprehensive study to investigate the 
influence of tree proximity and slope class on the dynamics 
of SWC in a 0–100-cm depth gradient. Unlike most similar 
studies, we did not focus on the details of individual events; 

Fig. 5   Cumulative water inputs for 10, 30, 60, and 100 cm during the 
2022 growing season. Black color indicates the difference between 
NT and BT positions. Note the different behaviors in the deep-
est (100 cm) horizon where NT water input is even greater than the 
above (60 cm) horizon
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rather, we tried to evaluate continuous SWC measurements 
in the context of the entire growing season to shed some 
light on the overall significance of the infiltration process in 
forested headwater areas. During the 2022 growing season, 
we demonstrated a distinctive difference in the SWC behav-
ior based on the presence of a tree:

	 (i)	 In close proximity (0.5 m) to trees (NT), SWC turned 
out to be more reactive to precipitation events, and 
this correlation was strongest in the topmost (10 cm) 
and deepest (100 cm) soil layers.

	 (ii)	 In terms of the total precipitation, 41% and 35% infil-
trated in the topmost layer, while 26% and 2% of 
precipitation infiltrated into the deepest layer at NT 
and BT locations, respectively, which was attributed 
to developed preferential flow and vertical hydraulic 
bypass in the proximity of trees.

	 (iii)	 At the crown gaps (BT) in the deepest layer (100 cm), 
there was practically no reaction to precipitation 
events, even to extreme rainfall of up to 40 mm.

	 (iv)	 In the transit zones (30 and 60 cm), a more com-
plex hydraulic behavior was observed, which can 
be explained by the effects of transpiration, rooting 
density, and soil heterogeneity.

	 (v)	 Despite an average lower SWC at NT for the entire 
season, NT positions demonstrated a higher hydrau-

lic connectivity and ability to infiltrate water into 
the deepest layers across all slope classes, despite 
approximately 20% higher effective precipitation 
totals at BT positions due to no canopy interception.

	 (vi)	 The role of slope class was less important for long-
term soil moisture dynamics. However, it proved to 
be very significant in the response to rainfall events 
and rainfall infiltration, especially in LOWS class.

Our study would contribute to the understanding of the 
effects of tree proximity and slope classes on soil moisture 
behavior in the environment of a predominantly broadleaved 
temperate forest stand. We believe that it can contribute to 
the understanding of hydrological processes, their nonlinear-
ity, and the expansion of conceptual hydrological models. 
For future research, we plan to focus on the effect of specific 
tree species on near-stem infiltration and the effect of the 
winter season and snowmelt on the replenishment of soil 
moisture, depending on the distance from the tree.

Appendix 1

See Fig. 6.

Fig. 6   ΔSWC probe location and stratigraphy of the soils; correla-
tion: 10/30 cm of ΔSWCs = green, 10/60 cm of ΔSWCs = blue, and 
10/100 cm of ΔSWCs = red (points and lines); the gray interval repre-

sents the confidence interval at the significance level  < 0.05; dashed 
line is 1:1 ratio of ΔSWC (mm) at 10 cm to other ΔSWC (mm) at 30, 
60, and 100 cm. (Color figure online)
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