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Abstract

In this study, we investigate the combined effect of different rainfall-runoff event
types and antecedent soil moisture (ASM) on runoff processes in the headwater
elementary discharge area of a small forested upland catchment. The study
focuses on (i) the relationship between soil moisture thresholds and runoff gener-
ation; (ii) the combined effect of ASM and tree vicinity and (iii) the relationship
between different rainfall-runoff event types and different types of runoff (base-
flow and stormflow). The results suggest that ASM has a strong impact on local
runoff generation processes. Soil water content (35%-36%) threshold exceedance
was related to stormflow runoff generation caused by the activation of quick pref-
erential flow paths in the soil during storm events, especially in the upper and the
deepest soil layers. At the same time, unexpected non-linear increases in baseflow
runoff ratios were documented during dry, precipitation-free, periods and when
the 31%-34% soil moisture threshold was exceeded, presumably due to the
hydrological connection of farther slope areas during these conditions. Multiple
stormflow periods, which exhibited the lowest runoff coefficient, were the most
significant events in terms of water retention and soil water recharge due to
increased vertical hydrological connectivity enabling more rapid transport to dee-
per soil layers. However, this rainfall type occurred least often over the study
period. The important role of forest stands (individual trees) in creating spatial
patterns of soil moisture and preferential infiltration paths to deeper soil layers
was also confirmed. These results contribute towards a better conceptualisation
of hydrological behaviour in elementary headwater discharge areas and highlight
the potential dangers associated with expected increases in extreme weather

events.
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1 | INTRODUCTION

Hydrological and geomorphological systems display distinctly differ-
ent behaviours in response to certain thresholds. In runoff generation,
such thresholds mainly become significant when separating quick and
slow flow paths during and after precipitation events (Schellekens
et al., 2004). These values, and the associated runoff processes, occur
at different levels of complexity (Zehe & Sivapalan, 2009), both over
spatial scales and with regard to hydrological return times (Norbiato &
Borga, 2008; Zehe et al., 2007). Advancing climate change is expected
to alter hydrological processes across the world's ecosystems, includ-
ing forests. Understanding these thresholds, therefore, will be critical
for correctly interpreting current and future runoff responses at indi-
vidual watershed levels (Tetzlaff et al., 2008).

Soil moisture is a commonly recognized hydrologic variable that is
often non-linearly related to runoff. However, previous studies (Brocca
et al, 2005; James & Roulet, 2007; Penna et al., 2011; Radatz
et al., 2013; Western & Grayson, 1998) have noted different soil mois-
ture thresholds (23%-45%) in relation to the generation of stormflow
runoff, probably due to differences in soil properties, depth and land
use. At the same time, Tromp-van Meerveld and McDonnell (2006) and
Radatz et al. (2013) reported that significant stormflow subsurface run-
off occurs when precipitation exceeds a certain threshold, and that sub-
surface stormflow is related to both antecedent soil moisture (ASM)
and total precipitation. However, there is little experimental evidence
documenting how more frequent, less intense, episodic precipitation
events affect runoff. Consequently, a combination of hydrological
approaches and techniques will be necessary to obtain a complete pic-
ture of the relationship between soil moisture, precipitation and differ-
ent forms of runoff, including the delineation of stemflow infiltration
hotspot areas or utilization of stable isotopes (Brammer &
McDonnell, 1996; Metzger et al., 2021; Uchida et al., 2005) aimed at
identifying subsurface preferential runoff pathways. In forested catch-
ments, macropores (especially those exceeding 50 mm in diameter;
Beven & Germann, 1982) are thought to play an essential role in the
hydrologic response as they represent significant preferential pathways
for stormflow runoff generation. (Beven & Germann, 1982;
Bonell, 1993). Macropores are formed through the activity of soil fauna,
root dynamics (growth, decay), layering of soil horizons, translocation of
clay, erosive action of subsurface flow or a combination of the above
(Beven & Germann, 1982; Jones, 1971; Juficka et al., 2022; Lal, 1987);
consequently, there can be wide spatial variability in the occurrence of
macropores at the slope and watershed scales (Brammer &
McDonnell, 1996; Jones, 1971). Application of physical model
approaches of threshold runoff generation processes can only be suc-
cessful, however, with a good understanding of this variability.

Surface runoff processes have been relatively well-defined
(Beven, 1989). Sidle et al. (1995), and subsoil runoff processes are
becoming better understood as well (Weiler, 2016), generally con-
cerned about the role of macropore flow. Thresholds themselves can
be employed in three different approaches (Lee & Kim, 2020): (i) using
rainfall quantity and intensity (Du et al., 2016), (i) using soil moisture

and antecedent soil moisture (Detty & McGuire, 2010) and (jii) using

both rainfall and soil moisture index to attribute soil water storage
(Farrick & Branfireun, 2014). The threshold approach depends on the
precipitation properties and regional features of the study area
(Detty & McGuire, 2010) and can be further improved with the use of
more factors such as rainfall intensity and amount and antecedent soil
moisture for runoff prediction (Radatz et al., 2013). Considerable
research has been conducted on the hydrologic threshold behaviour
of catchments, summarized by Wilson et al. (2017). Response thresh-
olds are driven by many factors of the aquifer-soil-vegetation system
(Chittolina et al., 2023): groundwater level (Guérin et al., 2019), land-
scape and topography, especially riparian zones (McGlynn & McDon-
nell, 2003), bedrock microtopography (Tromp-Van Meerveld &
McDonnell, 2006), physical soil properties (Detty & McGuire, 2010)
such as soil water repellency or macropore flow (Nyman et al., 2010)
or vegetation feedback (Wei et al., 2020). According to Wei et al.
(2020). the concept of threshold behaviour is expected to serve as a
promising new tool, which can be applied to evaluate stormflow
response to forest recovery following ecological disturbances. To our
knowledge, experimental data from the approach combining precipita-
tion with dense soil moisture network and streamflow measurements
to define runoff generation thresholds are still rather rare, especially
coming from temperate forests in the Central European region.

The non-linear response of soil moisture to runoff has been
reported (McGlynn, 2005; Penna et al., 2011; Sidle et al., 2000) and
shows that the impact of soil moisture on runoff generation is particu-
larly significant in steep, wet watersheds with shallow soils, with topo-
graphic features playing a significant role in subsequent hydrological
processes (i.e. where the soil moisture threshold is met most of the
time). However, relatively flat floodplain areas closer to the stream
will have a greater potential to reach maximum water saturation, and
thus quickly supply water to the stream network, resulting in a rapid
streamflow/runoff response in reaction to rainfall events. Areas closer
to the stream tend to respond differently, and almost independently,
from slope zones, with runoff typically forming first in areas around
the stream. Soil water stored in the more remote slope zones will only
be released under wetter conditions when the stream and slopes
become hydrologically connected (McGlynn et al, 2004; Ocampo
et al, 2006; Wenninger et al., 2004). Western and Grayson (1998)
stated that hydrological connectivity, as defined by spatial patterns
and their effect on hydrologic response, is relevant to many hydrologi-
cal processes. Slope studies have revealed much about the mecha-
nisms and role of pipe flow (flow from a lateral preferential soil path)
and its role in causing in-slope runoff at specific locations
(e.g. Carey & Woo, 2000; Roberge & Plamondon, 1987). For example,
the ratio of pipe flow to total slope flow for each storm was found to
increase as total rainfall increased (Kitahara et al., 1994; Kitahara &
Nakai, 1992). Though previous studies have reported soil moisture
thresholds in relation to runoff generation, we still lack a proper
understanding of the separate involvement of trees in runoff pro-
cesses at the micro-catchment scale, not least as forested watersheds
show greater variability in soil hydrological properties than other
watersheds with other land-use types (Roberts, 2000), which can
translate into very different runoff response behaviours.
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While the aforementioned studies have covered several topo-
graphic, climatic and land-use zones, upland forested headwater areas
have yet to be considered, especially in the context of water retention
and runoff generation. To help address this, the present study focuses
on three main questions: 1) is there a soil moisture threshold in upland
forested headwater areas that controls surface and subsurface runoff
responses at the scale of the entire headwater area, 2) what is the
combined effect of ASM, infiltration hotspot areas near-tree and pre-
cipitation on runoff processes, and 3) how do different precipitation

event types affect runoff generation?

2 | MATERIALS AND METHODS

21 | Studyarea

The study area is located in the Kanice experimental forested catch-
ment (0.65 km?; Deutscher et al., 2016) in the uplands (altitude rang-
ing from 290 to 370 m) of the Czech Republic (Figure 1). The location
is characterized by a continental temperate forest climate with a mean
annual temperature of 10°C and precipitation of 606 mm (over the
30-year climatic standard 1991-2020; Babice nad Svitavou climate
station; Czech Hydrometeorological Institute, 2023). During the grow-
ing season in April-October, the temperature reaches 16.8°C and pre-
cipitation 427 mm. Over the last decade, since 2012 mean annual
precipitation has been lower under 580 mm because of less winter

precipitation. Precipitation during the growing season still reaches

FIGURE 1 Location of the study area and instrumental design.

427 mm. Over recent years, while the runoff coefficient in the study
area has been very low, reaching just 4%-16% (Deutscher
et al.,, 2021), storm events have been important sources of catchment
runoff, contributing significantly to the local flow regime.

In this study, hydrometeorological measurements were taken in a
headwater sub-catchment of the Kanice catchment (Figure 1), the
overall sub-catchment having an area of 7.6 ha (11.7% of the total
catchment), altitude ranging from 314 to 370 m (Table 1), N-NW ori-
entation and slope inclination of 0.1-39° (0.002%-81%). The site is
densely covered with forest, with stands aged 61-80 years and 41-
60 years covering 45.5% and 32.7% of the area, respectively, man-
aged as standard production forest. The dominant tree species are
oak (Quercus petraea agg. [Mat.] Liebl.) and beech (Fagus sylvatica L.),
with Scots pine (Pinus Sylvestris L.) and hornbeam (Carpinus betulus L.)
subdominant, representing 27.4%, 28.5%, 13.8% and 12.5% of the
tree species composition, respectively. The mean leaf area index (LAI)
for these forest stands was 2.17 m?/m?, with minimal and maximal
LAl values ranging from 1.55 to 3.74 m?/m?2. Root density varies with
distance from the tree and depth, with near-tree (NT) rooting decreas-
ing from 153 pcs/m? to 23 pcs/m? with depth, and between-tree
(BT) rooting decreasing from 119 pcs/m? to 3 pcs/m? with depth.
Detailed distribution of root density varies with distance from the tree
and depth is part of the Supplementary Material, see Table S1.

The bedrock consists of granodiorite with an irregular admix-
ture of loess, with the depth of loess affecting the diversity of soil
types. Soils in the study area range in depth from approximately
50 to 90 cm (Table 2) and are predominantly well-drained sandy
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TABLE 1 Topographic and vegetation characteristic for soil monitoring points.
Root
Slope Slope Aspect Altitude Main tree Stand age LAI density

ID type (—) (°) °) (mas.l.) species (—)? (years) (m?/m?2)P (pcs/m?)°

1 Middle slope 7.1 263 350 Beech, oak, hornbeam 78 2.81 229

2 Upper slope 16.5 232 368 Oak, hornbeam, 78 2.13 403
beech

3 Flat slope 0.5 - 368 Oak, hornbeam 52 1.70 319

4 Flat slope 0.1 - 363 Oak, hornbeam 78 1.67 753

5 Upper slope 13.9 356 363 Oak, hornbeam 78 2.06 792

6 Lower slope 4.9 329 361 Oak, hornbeam, 81 2.03 226
beech

7 Middle slope 5.0 357 352 Beech, hornbeam 28 2.82 274

8 Middle slope 5.5 265 355 Oak, beech, 78 1.80 156
hornbeam

9 Lower slope 5.8 331 344 Hornbeam, beech, 78 1.91 98
oak

10 Lower slope 4.1 360 332 Beech, hornbeam 81 1.64 137

11 Upper slope 10.0 26 334 Beech, hornbeam 17 2.36 164

12 Flat slope 0.6 - 341 Beech, hornbeam 17 3.10 161

@Main tree species in the vicinity of the soil probe (approx. 400 m?, 20 x 20 m).
bLeaf area index determined according to hemispheric photography (digital camera with a fish-eye lens); images processing in WinSCANOPY software
(Regent Instruments Inc., Canada).
“Plastic sheets were placed on the pit wall and a pen was used to mark clearly visible fine (<2-mm diameter) and thick roots (<2 mm), as described by

Bohm (1979).
TABLE 2
Soil
ID classification (—)?
1 luvic Cambisol
2 hyperskeletic
Leptosol
skeletic Cambisol
4 skeletic Cambisol
5 hyperskeletic
Leptosol
6 eutric Cambisol
7 skeletic Cambisol
8  eutric Cambisol
9 gleyic Stagnosol
10 gleyic Stagnosol
11  skeletic Cambisol
12 luvic Cambisol

WRB system (2014).
bSubsoil and substratum boundary.
Soil organic carbon and total nitrogen were assessed using a vario MACRO cube elemental analyser (Elementar, Germany).

loam (USDA, 1999) eutric Cambisols or luvic Cambisols altering
with gleyic Stagnosols (WRB, 2014). The median saturated soil
hydraulic conductivity (Ks) reaches 0.5 m/day over the entire soil
profile and area. The soils in upper and flat slopes located in

higher parts of the sub-catchment are well-drained (median

Soil

depth (cm)®
88

55

52
65
48

83
79
74
94
85
56
74

Texture (clay%-silt%-

sand%)
4-53-43
3-49-48

3-47-50
4-42-54
5-48-47

6-39-55
3-39-58
4-44-52
4-55-41
3-48-49
5-46-48
4-51-42

Soil characteristics for soil monitoring points.

Coarse

fragments (%)

14.1
75.5

334
46.8
65.8

33.2
33.7
15.9
7.9
8.0
155
29

Soil organic
carbon (%)°

1.9
6.3

34
4.0
6.7

23
1.6
12
14
14
1.8
20

Ration
C/N(-)°
13.5
15.2

13.5
13.0
14.9

151
14.8
11.5

9.4
10.6
13.0
12.3

Ks
(m/day)

0.24
5.38

6.31
5.82
6.71

0.49
246
0.09
0.16
0.03
0.07
0.15

Ks = 3.4 m/day) while soils in the lower parts closer to the stream
are less so (median K, = 0.3 m/day). Silt content decreases with
depth from 52% to 32% and sand content increases with depth
from 45% to 66%, while clay, as the least common component,

ranges between 4% and 2%. Numerous macropore pathways were
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observed in all soil profiles, even at the subsoil and substratum
boundary, especially at NT sites. The substratum was considered
to be either chemically and mechanically weathered bedrock or
deluvial, solifluction and aeolian materials under the subsoil layer

(below the B horizon).

2.2 | Determination of headwater area and
instrumental design

The headwater area was first delineated on a freely available 2 x 2 m
resolution digital terrain model (DTM) of the Kanice-forested catch-
ment in ArcGIS v.10.6.1 (Esri, USA), after which the representative ele-
mentary area (REA) for the watershed (Wood et al, 1988) was
distinguished from the DTM using the ArcGIS hydrology toolset (Esri,
USA). This analysis, in combination with field surveys, allowed for the
selection of a ‘bowl’-shaped headwater source area of ca. 7.6 ha. Using
the topographic position index tool (Guisan et al., 1999), the REA was
then divided into four zones according to slope type (Weiss, 2001):
upper slope = top part of the hillslope, >10°; middle slope = middle
part of the hillslope, >5°; flat slope = the plateau on the hilltop, <5°;
lower slope = lowest part of the hillslope, <5° (Figure 1); onto which an
irregular 12-point grid was laid out for soil moisture monitoring. These
zones then served as the methodological basis for the capture of all hill
slope hydrological units. Finally, a 13th point was established at the
outlet of the stream for streamflow measurements.

2.3 | Precipitation, streamflow and soil moisture
monitoring

Precipitation, streamflow and soil moisture data were collected during the
2022 growing season, which lasted from April 1 to October 31. Precipita-
tion was measured at 15-min intervals using an AMET automatic rain
gauge (Litschmann and Suchy, Czech Republic) at a nearby (approx.
0.4 km) meteorological station. Streamflow was estimated from water
level readings above a Thomson spillway (V-notch weir) at the catchment
outlet. The weir was installed ca 20 m downstream of where the thalweg
first changed into a characteristic stream bed. Measurements were carried
out using a US3200 ultrasonic sensor combined with a HYDRO-LOGGER
H, data logger (Fiedler Automatic Monitoring Systems AMS,
Czech Republic),a 6 m x 4 m x 2 m roof being installed over the spillway
to prevent objects (leaves, branches, etc.) falling into the stream and caus-
ing erroneous readings. Water level values were automatically converted
to streamflow by the data logger every 15 min using the conversion curve
for the Thomson spillway (Deutscher et al., 2021).

Soil water content (SWC) was measured over the irregular
12-point grid on each slope type, with each point comprising paired
monitoring of NT and BT soil moisture. The sensors at the NT position
were located 50 cm downslope of the tree trunk, while those at the
BT position were located in the nearest crown gap, on the same con-
tour as the NT probes. SWC was only measured in stands with decid-

uous tree species, that is beech, hornbeam and oak (Table 1) that

were considered similar tree species for this study. The analysis was
based on the combined effects of the mixed deciduous stands rather
than the individual effects of different tree species. SWC was moni-
tored on all slope types at 0-30 cm, supplemented by measurements
at 30-60 cm for middle and flat slopes, and 30-100 cm for lower
slopes. Paired SWC monitoring was repeated three times for each
slope type, with 4-8 sensors per point, depending on slope type (soil
depth), giving a total of 72 sensors over the study area. The SWC was
then measured continuously at 15-min intervals using a TMS-4 micro-
climate datalogger (Wild et al., 2019), with each sensor calibrated for
local soil conditions at each point and depth, based on soil particle size
distribution and bulk density assessed from 60 soil samples previously
taken from the area. The TMS Calibr utility (Wild et al., 2019), as sup-

plied by the manufacturer, was used to calibrate all sensors.

24 | Selection of rainfall-runoff events

In total, 35 intermittent no-rainfall periods and 45 rainfall-runoff
events occurred over the growing season. For the purposes of evalu-
ating catchment response to different rainfall types and the influence
of ASM on runoff processes, these periods were sub-divided to meet

specific criteria as follows:

A. precipitation-free period: (i) zero precipitation, (ii) insignificant
change in SWC at a depth of 10 cm (i.e. < 0.2% within intraday
variation), (iii) ends with a precipitation event.

B. baseflow dominated regime: (i) rainfall occurred, (ii) no significant
change in SWC at a depth of 10 cm, (i) ends with 194 consecutive
zero rainfall records (i.e. 48 h after the last rainfall event).

C. single stormflow events: (i) rainfall occurred, (i) significant change
in SWC at a depth of 10 cm during one rainfall record (>0.2%),
(iii) an increase in SWC occurred at all depths (0-100 cm) in the
NT position, (iv) ends with 194 consecutive zero rainfall records
(i.e. 48 h after the last rainfall event).

D. multiple stormflow events: (i) rainfall occurred, (ii) significant
change in SWC at a depth of 10 cm during two consecutive rain-
fall events (%), (iii) an increase in SWC occurred at all depths (0-
100 cm) in the NT position, (iv) ends with 194 consecutive zero

rainfall records (i.e. 48 h after the last rainfall event).

Following Sumner (1999), a period of 48 h, or 2 days after the end
of a rainfall event, was set as a common time frame during which the
rainfall effect on runoff could be observed under similar conditions.
This was further supported by direct measurements of soil-saturated

hydraulic conductivity in the study area, which reached 0.5 m/day.

241 | Determining runoff coefficients
For each rainfall-runoff event, the extent to which the soil had been
wetted or drained and the ratio of stormflow runoff and baseflow

were assessed and used to indicate different behaviours during
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different hydrological regime types. For each event, the hydrograph
was separated into baseflow and stormflow runoff using the
constant-k method proposed by Blume et al. (2007). Runoff coeffi-
cients for A events (precipitation-free periods) were calculated from
the rainfall of antecedent B, C or D events and the baseflow of the
actual A event.

2.4.2 | Determination and analysis of inter-day
SWC dynamics

For each rainfall-runoff event (B, C, and D), the inter-day SWC dynamics
(increments and decrements) were calculated from daily averages as the
difference between values on a specific day and the day before (t — t,_1).
The values were then used to express the sum of cumulative SWC
decreases/increases for the entire event period. The series of daily
decreases/increases were tested for normality using the Shapiro-Wilk
test, after which the Student's t-test was applied for series pairs
(NT x BT) with normal distribution, and the non-parametric Wilcoxon

test if at least one of the soil moisture sets failed normality.

243 |
generation

Determining SWC threshold for runoff

There is currently no uniform methodological approach for defining
SWC thresholds, thus both arbitrary assessments of the relationship
between runoff and soil moisture and various statistical approaches are
commonly used. In this study, we took an arbitrary approach, based on
the relationship between runoff coefficients (baseflow and stormflow) as
indicators of different runoff regimes and hydrological processes and
ASM as an indicator of the antecedent conditions. Because of the differ-
ing duration of each event (0.1-11 days), mean daily baseflow values
were used to enable mutual comparison. Since stormflow runoff duration
never exceeded 24 hrs, however, no time corrections were applied and
the 15-min intervals were used. As such, presented baseflow values are
not affected by diurnal variations caused by transpiration dynamics,
while the stormflow could be (more about this in the discussion).

We estimated the SWC threshold for stormflow and baseflow
generation according to criteria indicative of threshold excess, based
on: (i) median of the runoff coefficients in different rainfall-runoff
event types (A, B, C and D), and (ii) the variance of runoff coefficient
values occurring in adjacent SWC intervals. In this step, we were look-
ing for non-linear behaviour indicative of the activation of different
runoff-generating mechanisms (Scaife et al., 2020). Once the median
was exceeded, if the variance dramatically increased (drying in A and
B events) or decreased (wetting in C and D events) inside a SWC
interval, the adequate soil moisture was considered indicative of a
threshold. Decreases/increases of runoff coefficient values were
tested by multiple F-test, at a significance level of p < 0.15, see
Table S2. All statistical analyses were performed using R software
(R version v.4.21 GUI 1.79 High Sierra build and RStudio
v.2022.07.2 + 576; R Core Team, 2017).

3 | RESULTS

3.1 | Streamflow and precipitation time series

Total precipitation over the 2022 vegetation period was 432.8 mm
(Table 3), which corresponds with the long-term average for the same
period of 427 mm (precipitation for 1991-2020 from the Babice nad
Svitavou climate station; CHMI, 2023). The growing season in 2022
can thus be considered as a representative of a standardly wet year.
The antecedent year 2021 was very similar in terms of rainfall
(415 mm during the growing season) while 2020 was extremely wet
(more than 610 mm during the growing season). Mean rainfall-runoff
event lengths ranged from 2.6 to 3.1 days, with A, B and C events
being regularly distributed throughout the growing season. Daily pre-
cipitation differed with event type, with A, B and C events having
values of 1.15, 4.24 and 11.99 mm/day, respectively. Total runoff
from the area was only 10.5 mm, corresponding to 2.4% of total pre-
cipitation (of which 0.1% was stormflow runoff), indicating that the
area has a low hydrological response to rainfall-runoff events and high
retention capacity and water usage.

In general, stormflow runoff, which accounted for 4.7% of total
runoff, was highly reactive throughout the study period (Figure 2), but
especially over the short duration of precipitation events (Table 3).
While stormflow runoff was highest for D events, when it accounted
for 33.7% of total runoff, such events only covered 7.2% of the growing
season. In comparison, non-precipitation A events were most repre-
sented (42.1%), followed by B events (32.1%), during which time storm-
flow runoff accounted for just 0.7% of total runoff. C events were most
evenly distributed in terms of frequency during the study period
(18.6%) and exhibited the second highest stormflow runoff at 9.3%.

While the mean duration of each event type was similar, there
was a significant difference in both total runoff and runoff coefficients
(Table 3). Interestingly, the overall runoff coefficient was highest for B
events (baseflow hydrological regime), while lowest runoff coeffi-
cients were recorded during D events (multiple stormflow events),
i.e. lowest drainage occurred during D events and highest during B
events, in the form of baseflow. Runoff coefficients were highly vari-
able over the study period, with coefficients of variation (CV) often
exceeding 1 (Table 3). This variability tended to increase with total
rainfall and event duration. In many cases, these rainfall-runoff events
were also followed by a steady increase in streamflow that lasted
deep into the no-rainfall A events, especially at the beginning and end

of the growing season.

3.2 | Soil moisture time series

Mean SWC (for both NT and BT positions) at depths of 10, 30,
60, 100 cm was 29.9%, 28.2%, 31.2% and 34.5%, respectively
(Figure 3). However, NT SWC was 5.0, 2.3 and 5.3% lower than BT
values at 10, 30 and 60 cm, respectively, but 8.4% higher at 100 cm.
Highest SWC (36.2%) was recorded during C and D events at 100 cm,
while the lowest SWC readings (27.3%) were obtained during A
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TABLE 3 Descriptive characteristic

for precipitation-free periods (A) and Parameter A 8 ¢ P Total

rainfall-runoff events (B, C, D). Quantity (n) 35 25 15 5 80
Duration in days (n) 90 69 40 15 214
Duration ratio (%) 42.1 321 18.6 7.2 100
Mean event length (days) 2.6 2.7 2.6 3.1 2.8
Rainfall (mm) 0.0 78.9 168.6 185.4 432.8
CV of rainfall (-) - 8.34 6.74 4.04 9.40
Rainfall intensity (mm/day) - 1.15 4.24 11.99 2.02
Runoff (mm) 4.08 3.25 2.09 1.06 10.48
CV of runoff (—) 0.37 0.30 0.82 1.50 0.75
Stormflow runoff (mm) - 0.022 0.195 0.357 0.574
CV of stormflow runoff (—) - 1.28 291 3.14 3.27
Runoff coefficient (mm/mm) - 0.0412 0.0124 0.0057 0.0242
Stormflow runoff coefficient (mm/mm) - 0.0003 0.0012 0.0019 0.0013
Stormflow runoff index (%) - 0.7 9.3 33.7 5.5

Abbreviations: CV, coefficient of variance; Total, total over April-October vegetation season.

FIGURE 2 Daily time series of stormflow runoff (green line), baseflow (blue line) and precipitation (black bar) over the study period. Coloured
bars represent periods with different rainfall-runoff events, where white = precipitation-free periods, green = baseflow dominated regime,

yellow = single stormflow events, red = multiple stormflow events.

events at 30 cm. Highest and lowest relative SWC differences were
also recorded during D events, with NT SWC being 13.3% higher at
100 cm, but 0.3% lower at 30 cm. In general, SWC dynamics during D
events were more variable, with a high CV of 0.9. In comparison, C
events had a CV of 0.6, with A and B events having identical CVs of
0.2. Overall, A and B events behaved linearly while C and D events
behaved non-linearly.

Across the depth gradient, average daily decreases (A, B events)
and increases (C, D events) in SWC showed similar patterns for soil dry-
ing and wetting (Table 4), though variability in drying/wetting increased
with total rainfall. Unexpectedly, highest CV was recorded during C
events (4.3), the other events, including D events, having CVs with a
maximum value of 2 in all soil layers. Largest daily SWC declines were
observed in the top 10 and 30 cm of soil during A and B events, with
values ranging from —0.53% to —0.14% daily SWC. In general, soil dry-
ing values during B events were around 0.09% lower than those during
A events. Conversely, SWC increases during D events were 0.94%
higher than those during C events, particularly in the 10 and 30 cm top-
soil layer, where values were 1.70% and 1.23% higher, respectively,
compared with 0.52 and 0.31% daily SWC in the deeper layers.

SWC dynamics differed between NT and BT soil positions. In
general, for A and B events, tree vicinity did not play a significant role
in SWC, with similar values recorded at both positions and, with the
exception of the topmost soil layer (10 cm), which showed a (non-sig-
nificant) decrease in daily SWC from 0.11% to 0.06%, values tended
to behave (decrease) similarly. During C and D events, however, SWC
dynamics in NT and BT soils differed, with the whole NT profile show-
ing a 0.50% higher SWC increase than BT soils during D events. The
most significant contribution to total soil wetting occurred at 100 cm,
with daily NT SWC showing a 0.70% increase over BT soils, which
only reached a total of 0.04% daily SWC. This was also shown by the
flat peak in NT SWC at 100 cm (Figure 3), which occurred during all
five D events and five out of 15 C events (respective totals of 10.85,
15.75, 16.32, 19.38 and 19.95 mm).

3.3 | Relationship between SWC and runoff

Stormflow threshold was estimated with the use of median runoff

coefficients from all B, C and D events. The relationship between
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FIGURE 3 Daily time series for soil moisture at 10, 30, 60 and 100 cm (blue, green, violet and red lines, respectively) over the study period.
Coloured bars represent periods with different rainfall-runoff events for near-tree soil (NT) and between-tree soil (BT), where
white = precipitation-free periods, green = baseflow dominated regime, yellow = single stormflow events, red = multiple stormflow events.

TABLE 4 Daily drying (— SWC %) and re-wetting (+ SWC %) values for near-tree (NT) and between-tree (BT) soils over the study period: (A)
precipitation-free periods, (B) baseflow dominated regime, (C) single stormflow event, and D) multiple stormflow event.

A B
Depth NT BT NT BT
10 cm
Mean (%) -0.53 -0.43 * -0.28 -0.23
CV(-) 0.9 0.8 11 1.5
30 cm
Mean (%) —-0.35 —-0.25 o -0.24 -0.14
CV(-) 0.7 0.7 0.9 2.3
60 cm
Mean (%) -0.14 -0.10 o -0.10 -0.07
CV(-) 0.7 0.7 0.8 0.8
100 cm
Mean (%) -0.18 —0.05 o -0.21 —0.04
CV(-) 1.4 1.0 1.6 1.2

C D
NT BT NT BT
ns. +0.70 +0.43 * +2.57 +2.02 *
1.5 1.5 0.6 0.6
* +0.33 +0.49 n.s +1.74 +1.22 n.s
25 3.1 0.8 0.9
o +0.16 —-0.03 n.s +0.68 +0.40 n.s
4.3 3.9 11 11
o +0.15 —0.04 n.s +0.70 +0.04 *
29 1.6 0.8 20

Note: Paired T-test: n.s = non-significant at p < 0.05; *, **, ***, significant at p < 0.05, p < 0.01, p < 0.001, respectively. CV = coefficient of variance;
Number of repetitions at 10 cm: N = 12; 30 cm: N = 12; 60 cm: N = 6; 100 cm: N = 3.

ASM from 0O to 100 cm and stormflow runoff for the 45 rainfall-runoff
events over the study period indicated an SWC threshold of about
35%-36% (Figure 4a,b). Once the threshold was exceeded, the storm-
flow runoff coefficient exhibited a non-linear increase above the
median for B events (Figure 4a) and a nonlinear decrease for C and D
events (Figure 4b).

Further analysis of ASM against median baseflow runoff

coefficients from all events 25 B, 15 C and 5 D storm rainfall-

runoff events (Figure 5a) and the 34 subsequent precipitation-
free A events (Figure 5b) allowed for the identification of two
further SWC thresholds beyond which baseflow started to
increase non-linearly. Both thresholds were estimated at a simi-
lar value of around 31-34% SWC. Although rainfall totals were
highest during D events, runoff coefficients never exceeded a
median runoff coefficient of 0.007 mm/mm, especially during

the following non-precipitation A events (median runoff
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FIGURE 4 Threshold behaviour in the relationship between soil water content at 0-100 cm prior to the event and the stormflow runoff
coefficient for (a) baseflow dominated regimes (B events; circles) and (b) single stormflow events (C events; crosses) and multiple stormflow
events (D events; triangles). The horizontal line represents the stormflow runoff coefficient value compared to the median (0.0004 mm/mm).

FIGURE 5 Threshold behaviour in the relationship between soil moisture at 0-100 cm prior to the event and (a) the runoff coefficient for
baseflow in rainfall-runoff events and (b) the runoff coefficient for baseflow in no-rainfall-runoff events. Circles represent baseflow-dominated
regimes, crosses represent stormflow events (C events) and triangles represent long-term stormflow events (D events). The horizontal line

represents the value of the runoff coefficient corresponding to the medians of the B, C, D and A baseflow runoff coefficients (0.007 mm/mm).

coefficients of 0.007 mm/mm). Thus, the threshold was only
approached during B and C events, indicating that D events con-
tributed less to runoff, and more to catchment water retention,
than C and B events.

4 | DISCUSSION

41 | Flow generation and subsurface processes

In this study, we examined the hydrology of a forested headwater
catchment in an upland region of the Czech Republic where long-term
annual precipitation was just 606 mm. This contrasts with similar pre-
vious studies that have usually been located in regions with higher
annual precipitation of 820-1220 mm (James & Roulet, 2007; Radatz

et al., 2013; Western & Grayson, 1998). In such areas, the emergence
of fully saturated zones increases local reactivity, enabling the study
of phenomena such as fill-and-spill (Tromp-Van Meerveld &
McDonnell, 2006). In our case, however, the catchment was less satu-
rated, hence we focused on SWC dynamics during rainfall-runoff
events with different hydrological regimes. In doing so, the study can
provide an illustrative example for other similar upland areas of Cen-
tral Europe.

Periods of low soil saturation within the profile dominated
throughout the April to October growing season and, consequently,
streamflow response was limited due to poor hydrological connectiv-
ity. Overall, the dominant controlling factors for runoff were evapo-
transpiration processes and increased infiltration and transport of
water from around trees into deeper layers through preferential sub-

surface flow along the roots. Detailed distribution of root density in
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NT and BT soil is part of the Supplementary Material, see Table S1.
In our study, we were able to demonstrate the significant role of trees
for water transport through such soil layers during C and D events.
These findings suggest an increased ability to transport water to lower
layers at NT sites, especially during multiple stormflow D events. This
is further supported by changes in SWC at 60 and 100 cm during C
events, where NT soils had positive SWC values (+0.16 and +0.15%)
and BT soils negative SWC values (—0.03% and —0.04%), suggesting
that, under the same soil matrix conditions, wetting dominated over
draining close to trees, while drying dominated over wetting in the
gaps between trees.

Tromp-Meerveld and McDonnell (2005) found that there was a
causal relationship between runoff threshold and active hydrological
connectivity in forested landscapes. In their experimental watershed
(Panola Mountain Research Watershed, USA), topsoil SWC was not a
good indicator of when or where subsurface saturation would develop
at the soil-subsoil interface on different slope types at sandy loam soils
with little textural difference, ultimately leading to increased runoff
generation once any depressions were filled. In our study, similar sub-
surface runoff patterns were also observed at the soil-subsoil interface,
but in deeper soil layers and only around trees on similar textured soils
(as indicated by higher wetting and flat SWC peaks at NT 100 cm) dur-
ing all C and D events with rainfall intensity >10.75 mm/day.

In a second study, Tromp-Van Meerveld and McDonnell (2006)
also found that, in general, vegetation affects spatial soil moisture pat-
terns primarily through spatially dependent evapotranspiration. This
was also confirmed in our headwater area, where temporary soil satu-
ration only occurred in the uppermost soil layers (10 cm) and in the
deepest soil layers (100 cm) at NT positions, where trees participate
significantly in the formation of preferential runoff/infiltration paths,
with no soil saturation in the rooting zone (30 and 60 cm). Spatial pat-
terns controlled by higher evapotranspiration around trees were
clearly demonstrated in our study through prominent inter-day SWC
declines in NT soils during A events (conditions of low flow); NT inter-
day SWC declines only being comparable to the upper layers of BT
soils during B events (baseflow dominated conditions). As such, we
assume that matrix flow over the entire soil profile only plays a limited
role in runoff generation during unsaturated conditions (Beven &
Germann, 2013), despite most hydrological concepts being based on
this principle (Loague et al., 2006). Instead, we propose that the domi-
nant role in runoff processes is given by preferential flow paths
around trees. In the case of these preferential pathways, we observed
non-linear SWC responses to rainfall events that we attribute mainly
to root-induced bypass flow (Liang et al, 2011). At medium soil
depths (30 to 60 cm), SWC dynamics were comparable at NT and BT
sites, while significant increases in SWC were observed in the upper-
most and deepest soil layers (10 and 100 cm) at NT sites. This ‘bypass
effect’ was probably amplified by the relatively low precipitation rate
over the study period (1.15-11.99 mm/day), which may have led to a
proportionally higher interception rate, thereby increasing the stem-
flow that transports intercepted water to soil space below the tree
(Staelens et al., 2008). This becomes particularly relevant where the

dominant tree species are beech and hornbeam (Jochheim

et al,, 2022), whose effect on runoff generation will be most visible

during low flow (A) and baseflow (B) conditions.

4.2 | Soil moisture threshold for runoff generation
While threshold soil moisture values have been reported in previous
studies (e.g. Brocca et al., 2005; Radatz et al., 2013; Western &
Grayson, 1998), they have so far been mostly viewed in relation to
generation of stormflow runoff in fully saturated zones around
streams characterized by high reactivity. During intense rainfall
events, shallow subsurface flow in the upper soil profile layers (storm-
flow runoff) of well-drained slopes can be an important runoff mecha-
nism (James & Roulet, 2007). However here, we show that, during the
growing season of a standardly wet year in our forested study head-
water area, only less than 3% of total precipitation drained in the form
of stormflow runoff, despite such areas usually being associated with
high saturation. During drier conditions (i.e. A and B events), which
occurred over 74% of the growing season, stormflow runoff either did
not occur at all (A) or was highly non-linear, only increasing signifi-
cantly after the 35-36% SWC threshold was exceeded. Interestingly,
a very similar SWC threshold was also found during storm conditions
(C and D events). Baseflow, on the other hand, exhibited a non-linear
increase when the 31%-34% SWC threshold was exceeded during
both precipitation-free events (A) and storm events (C and D). Based
on these observations, it would appear that this the SWC threshold
value can represent a good indicator of both hydraulic slope connec-
tivity and stormflow subsurface runoff generation, which is, in turn,
closely related to water storage recharge and retention.

Previous studies have shown both similar and dissimilar SWC
thresholds for different landscape, soil and climatic conditions (Radatz
et al., 2013). For example, the 36% SWC threshold for stormflow run-
off found in our study is very similar to that found in an experimental
grassland area with sandy loam soils in Italy (Brocca et al., 2005). On
the other hand, a lower 23% SWC threshold was found on the same
type of soil in a small forested watershed in Canada (James &
Roulet, 2007). This suggests that when SWC reaches values close to
35%, the area enters a stormflow-dominated runoff regime where
rapid subsurface runoff paths become activated, first in the upper
layers (for B events) then in the deepest soil layers (100 cm) during
storm events (C and D events). During subsequent draining and drying
of the soil, SWC falls below a ca. 31%-34% threshold and the area
enters a more baseflow-dominated runoff regime. Furthermore, our
data suggest that, as SWC increases during short, intense, storm
events (C events), runoff coefficients increase non-linearly
(Figure 5a,b), which may act as a ‘push effect’ in terms of area drain-
age; however, additional data will be needed to confirm this.

In other studies, however, highly variable results were obtained
from three separate micro-catchments, with SWC threshold values
ranging from 39% to 46%, the values varying widely with soil depth
(Penna et al., 2011; Radatz et al., 2013; Western & Grayson, 1998).
Unlike the previous studies cited, the soils in these catchments were

dominated by silt loam to clay loam, allowing for zones of full
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saturation to form near streams. This suggests that soil properties (soil
texture and structure) are likely to have a more significant impact on
SWC thresholds than climate conditions or vegetation cover, since
both grassland and forest exhibited similar thresholds on the same
type of soil (see above). Once again, however, additional data will be
needed to confirm this hypothesis.

4.3 | Effect of rainfall on runoff generation

While there was a relatively low frequency of storm events during the
growing season in this study (15 x C events, 5 x D events), they
accounted for over 81% of total rainfall over the study period. Such
rainfall patterns confirm the nonlinearity of current climate trends, a
pattern that is predicted to get worse with ongoing climate change
(Kicklighter et al., 2023). In our case, the five multiple stormflow
events (D) played a significant role in restoring water levels in the
catchment as they produced the lowest runoff coefficient and highest
infiltration to deeper soil zones, unlike the single short-stormflow
(C) events that produced the opposite results. Climate change, how-
ever, is expected to cause an increase in weather extremes
(Kicklighter et al., 2023), i.e. more type C events and less type D
events, which is likely to cause major problems for existing forest eco-
systems (Jourdan et al., 2020) and maintaining ground water availabil-
ity (Ali et al., 2011).

In our study, D events had lowest runoff coefficients and exhib-
ited the highest ratio of infiltration to catchment water retention, as
documented by high soil wetting values at 100 cm (Table 4). More-
over, baseflow runoff coefficients during D events rarely exceeded
the median level, in contrast to C events (extreme rainfall) which fre-
quently did (Figure 5a,b). This highlights the importance of longer
rainy periods (i.e. multiple stormflow events) for soil water recharge.
This is in accord with the findings of Radatz et al. (2013), who found
that storms of longer duration were required to generate runoff in
conditions where SWC is persistently low and thus does not fully sat-
urate the soil profile, as in our own upland headwater study area.
Groundwater recharge can also happen through side-flow or lateral
flow (Zeng et al., 2016). Assuming that side-flow is accelerated runoff
along the capillary fringe (Tanaka, 1996), its existence should be indi-
cated in Table 4 as non-linear behaviour of SWC in the soil depth gra-
dient. However, in event types A and B, SWC decreased with depth
and conversely increased in event types D, when the whole soil pro-
file is saturated. Non-linear behaviour could be however observed in
the NT positions, which is most likely indicative of the tree effect
rather than side-flow. It seems, that in the described conditions side-

flow did not play a significant role in groundwater recharge.

44 | Methodological and interpretative aspects of
the study

In this study, both runoff and SWC dynamics were compared under

different rainfall-runoff event types; however, this brought a number

of methodological difficulties regarding the analysis and interpretation
of results. A similar methodological data mining approach was used by
Juricka et al. (2022) for the analysis of rainfall infiltration affected
by microrelief. Unlike Juficka et al. (2022), however, we provide addi-
tional information on actual SWC dynamics (increase/decrease) in
relation to hydrological processes generated during rainfall-runoff
events with different hydrological regimes. To ensure the correct
interpretation of such data, however, it is essential that the different
types of events are clearly delineated, particularly the end of the
rainfall-affected period. While our approach was consistent with pre-
vious studies (e.g. Sumner, 1999), we provided further supporting data
through direct soil measurements of saturated hydraulic conductivity
(0.5 m/day) from the study area. In addition, the relatively new
constant-k method (Blume et al., 2007) was used to separate storm-
flow runoff and baseflow (in hydrograms). Compared with other com-
monly used graphical separation methods (i.e. recession continued,
semi-logarithmic plot, constant slope), the constant-k method (i) has
been tested by Blume et al. (2007) and is theoretically supported,
(i) does not suffer from a subjective determination of the stormflow
flow endpoint during rainfall-runoff events, and (jii) it can be used pri-
marily with multiple peak events (D events). During some rainfall-
runoff events in our study, however, the stormflow flow end point
defined by the k-method separation was followed by subsequent
increase in streamflow, which often continued into the period covered
by no-rainfall A events, as evident from streamflow patterns in wet
and dry antecedent conditions at the start of the growing season and
during the summer (Figure 6).

We believe that this occasional streamflow increase during
precipitation-free periods (A events) was caused by increasing base-
flow resulting from delayed subsurface runoff from more distant parts
of the headwater area. Consequently, we considered this kind of run-
off behaviour as baseflow rather than stormflow for the purposes of
the event analysis. At the same time, the 15-min time step has also
been affected by diurnal streamflow dynamics, controlled mainly by
evapotranspiration in local forest stands where streamflow naturally
decreases during the day by more than to 20% and increases after
sunset (Deutscher et al., 2016) which adds another level of complex-
ity. Another role might be played by the riparian zone, which can influ-
ence the stream hydrology and discharge regime of the catchment
(Lupon et al., 2016), but in our case covers less than 1% of the area.

Also, the 15-min time steps proved to be poorly visible at some
of the picture's resolutions. For these reasons, we worked with base-
flow runoff in daily time steps (Figure 2) which was not possible for
stormflow. However, during stormflow conditions, the diurnal vegeta-
tion effect on streamflow should not be as pronounced.

Another challenge arose from the differing duration of
rainfall-runoff events (0.1-11 days), which we addressed again by
recalculating baseflow for the entire period to mean daily values,
thereby allowing mutual comparisons on the same time scale. The
same recalculation was not used for stormflow flow, however, as it
never exceeded 1 day. This recalculation may have impacted the SWC
threshold for runoff generation analysis and the long-term summary

characteristics, which are partially defined by event duration (Table 3).
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FIGURE 6 Time series for stream runoff and precipitation for (a) events with wet antecedent conditions (8 April 2022), and (b) events with
dry antecedent conditions (6 August 2022). The grey area with runoff represents stormflow runoff separated by the k-constant method.

This only highlights the complexity of hydrological processes occur-
ring at different time-scales and generated under different rainfall-
runoff conditions, which is in strong contrast with the assumption that
headwater catchments are simple dynamic systems, as proposed for
example by Wood et al. (1988) and Kirchner (2009), after all the level
of catchment complexity is still a matter of discussion
(Kirchner, 2016). Indeed, the highly non-linear phenomena that char-
acterize catchment response during rainfall events will present a chal-
lenge to most hydrological models based on assumptions of linearity
(Loague et al., 2006).

In this study we concentrated on the combined effect of the for-
est stands neglecting the different effects individual tree species can
have on the hydrological processes. SWC was measured only in
stands with deciduous tree species (beech, hornbeam and oak) that
were considered similar for this purpose. While beech and hornbeam
exhibit similar water partitioning, oak has usually significantly more
throughfall and less stemflow and can reach higher transpiration rates
especially under drier conditions (Novosadova et al., 2023). Our LAl
indexes as well as root density measurements indicated that the
admixture of oak in these conditions did not have a clear effect on
these two parameters (Table 1). Still, all the measurements were
placed in mixed stands with more than one tree species so only their
combined effects could be observed. While this simplified approach
seems to be fine for the representation of normal climatic conditions,
it is likely that both under longer wet and dry conditions, the effects
of different tree species are amplified (Bittner et al., 2010) and can
play a much bigger role in the alteration of the hydrological processes.

One of the important study limits is the use of single growing sea-
son dataset, which means that the presented results can be applied to
a standardly wet year only. However, with the unprecedently chang-
ing conditions caused by climate change we believe that our study still
holds merit and can be a valuable addition to the puzzle as a represen-

tative of standard conditions. More and longer research is needed to

cover the climatic variability in different years, especially detailed
microrelief survey during heavy rains to identify local sources of soil
saturation, overland excess flow and variable source areas
respectively.

5 | CONCLUSIONS

This study examined the hydrological response of a headwater ele-
mentary discharge area in a forested upland catchment of the
Czech Republic characterized by a low hydrological response to
rainfall-runoff events and high retention and water usage during the
growing season (runoff coefficient 2.4%). Specifically, we examined
the combined role of rainfall-runoff event type and NT and BT siting
on runoff generation processes, based on 45 rainfall-runoff events
and following precipitation-free periods occurring during one growing
season of a standardly wet year (and growing season). The following

results were obtained:

e Multiple stormflow periods (D events) were the most significant in
terms of water retention and soil water recharge, since they exhib-
ited the lowest runoff coefficient. This was in strong contrast to
the hydrological response to single stormflow periods (C events),
where the runoff coefficient was twice as high. We attribute this
behaviour to increased vertical hydrological connectivity enabling
faster transport to deeper soil layers, a process that only occurred
during D events.

e The presence of trees had a significant effect on SWC dynamics
during all event types; most notably during D events, where the
difference between NT and BT sites reached 0.66% (NT = +0.70,
BT = +0.04%), thus confirming the important role of trees in pro-
cesses associated with infiltration and water redistribution to dee-

per soil layers.
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o We described a SWC threshold of stormflow generation of 35%-
36%. Values above this threshold exhibited great non-linearity,
indicating the generation of stormflow runoff.

o At SWC of 31%-34%, an increased baseflow generation threshold
was found indicating either the activation of quick flow paths or
the hydrological connection of multiple slopes in the area. Runoff
coefficients tended to increase non-linearly with increasing SWC,
especially during short intense storm events (C events). This trend,
which may be explained by the “push effect”, identifies an impor-
tant hydrological process that may be of relevance regarding the
faster drainage and lower retention capacity of the area during
sudden storms.

The study represents a piece of the puzzle towards a better con-
ceptualisation of hydrological processes in elementary headwater dis-
charge areas based on rigorous field mapping. Notably, it highlights
potential widely unrecognized dangers associated with the expected
increasing weather extremity associated with climate change. Under
future conditions, extreme rainfalls (C events) are more likely to occur
and our results indicate that events like this negatively affect soil
water recharge processes and contribute to more rapid, unusable

runoff.
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