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Abstract. The forest floor (FF) possesses a significant water
retention capacity, facilitating the transfer of water between
the atmosphere and the soil. However, knowledge on the wa-
ter retention characteristics and water redistribution effects
of the FF remain limited. Due to the dominance of labora-
tory data regarding the storage capacity of a forest’s litter
layer, we used a combined FF weighted grid-lysimeter and
soil moisture network to directly and in-situ measure the dy-
namics of water storage of the FF and fluxes from and into
the FF. The objective was to quantify storage capacities, re-
tention durations, and resulting water redistribution patterns,
as well as evaporation from the FF. We present the results of
our network at three mixed temperate forest sites with dif-
ferent altitudes, and therefore diverging climatic conditions,
located in the Black Forest, southwest Germany. The three
sites have an annual mean temperature gradient from 6.3 to
10.3 °C, leading to humus forms that vary from typical F-
Mull to typical Moder. Throughout the monitored period in
2024–2025, the storage capacity of the FF ranged between
1.4 and 4.2 g g−1 FF and was not only influenced by the type
of litter but also by the rainfall characteristics themselves.
With our field setup we could show that longer, low inten-
sity rainfall events fill the FF storage more efficiently than
shorter heavy rainfall events (− 24 %). Our gridded lysimeter
design revealed small-scale spatio-temporal infiltration pat-
terns, caused by a redistribution of rainfall along the pas-
sage through the FF. The findings of the lysimeter network
provide a comprehensive understanding of how not only the
thickness of the FF but rather characteristics like the share
of organic fine material define the water cycle within forest
ecosystems.

1 Introduction

Understanding the partitioning and movement of water
within temperate forest ecosystems is essential for predict-
ing hydrological responses to changing environmental condi-
tions. At the interface between the atmosphere and the litho-
sphere, the forest floor (FF), comprising both the organic lit-
ter layer and the underlying, organic rich top mineral soil,
serves as a critical mediator of water fluxes. This system
regulates the movement of water through the interaction be-
tween its organic and mineral components, directly influenc-
ing runoff generation, soil moisture recharge, and evapora-
tion. The organic layers interaction with the mineral soil dic-
tates the fate of precipitation before it infiltrates deeper into
the profile, thereby affecting water availability and overall
ecosystem functioning (Ilek et al., 2021).

The interception of rainfall by the FF plays a significant
role in the water balance of forest soils. This layer, charac-
terized by varying leaf structures and organic material, un-
dergoes temporal compositional changes due to canopy phe-
nological phases and disturbances (Van Stan et al., 2017).
Just like variations in canopy thickness result in different ini-
tial throughfall amount (Nanko et al., 2022), FF substantially
influences the amount of water available for soil infiltration
and runoff (Guevara-Escobar et al., 2007). But despite its im-
portance, there is still relatively little data available on this
phenomenon (Gerrits et al., 2007; Zagyvai-Kiss et al., 2019;
Zhao et al., 2022).

During a typical rainfall event the FF shows different func-
tions regarding the water cycle. Initial rainfall retention of
litter refers to the capacity of the FF’s layer of organic ma-
terial – composed of leaves, twigs, and other decomposing
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plant matter – to temporarily hold or store rainfall at the on-
set of a rain event. This retention occurs before the water be-
gins to infiltrate into the mineral soil or contributes to runoff.
With further rainfall the FF will store more water until it
reaches the maximum storage capacity (Cmax), also known
as the interception capacity (Putuhena and Cordery, 1996).
With ceasing rainfall and gravitational draining water leaving
the FF it reaches the minimum storage capacity (Cmin). The
than stored water is only available for evaporation. Higher
evaporation occurs immediately after a rainfall event from
the FF (EFF), whereas stable evaporation 3–4 d later primar-
ily originates from the soil layer (Deguchi et al., 2008). Un-
derstanding these processes is essential to accurately assess
water balances in forest ecosystems.

The ability of FF to intercept and temporarily store pre-
cipitation is critically dependent on the physical characteris-
tics of the FF as well as rainfall conditions (Li et al., 2020).
Lysimeter studies offer an accurate means to quantify flux
and storage processes (Levia et al., 2011). At single leaf scale
it has been observed that broadleaf litter has a larger intercep-
tion capacity than needle litter, attributed to its higher sur-
face area-to-weight ratio (Walsh and Voigt, 1977; Zhao et
al., 2022). At the FF scale this interception can be influenced
by additional factors like litter accumulation and decomposi-
tion rates, e.g. needle litter is characterized by the formation
of more porous material due to slower decomposition rates
(Sato et al., 2004). Structural differences in the litter layer
lead to heterogeneous flow patterns, with water preferentially
following in defined paths, leaving portions of the lower litter
unwetted (Walsh and Voigt, 1977).

Post-rainfall grab sample observations reveal that the FF’s
ability to store and evaporate water is highly dependent on
its thickness, pre-wetness condition, and the intensity and
duration of rainfall. In natural rainfall conditions, intercep-
tion storage capacities change with rainfall intensity and lit-
ter types due to differences in the morphological character-
istics of litter flow pathways (Sato et al., 2004). Notably, the
litter layer can retain and cycle up to 18 % of annual precip-
itation or approximately one-third of annual evapotranspira-
tion (Floriancic et al., 2023). Although FF surfaces can store
only a few millimetres of water, their impact becomes signif-
icant over longer time scales as the storage is frequently filled
and depleted (evaporated) due to the high frequency of small
rainfall events, thereby reducing soil moisture recharge and
runoff generation (Levia et al., 2011). The importance of re-
tention and storage capacity in maintaining forest hydrology
cannot be overstated. Evaporation from a broadleaf FF can
reach rates of around 0.2± 0.13 mm d−1 in a humid subtrop-
ical climate, with significant seasonal variations (Deguchi et
al., 2008). While Magliano et al. (2017) found considerably
higher first day evaporation to be 1.1± 0.3 mm d−1 also in a
humid subtropical climate for forest litter.

Despite the theoretical understanding of FF dynamics,
much of the existing data has been derived from controlled
laboratory experiments or grab-sample studies, which often

fail to capture the complex environmental variability of the
field. There remains a critical shortage of high-resolution, in-
situ data that accounts for the interaction between litter prop-
erties and thickness, varying pre-wetness conditions, and the
lateral movement of water. Specifically, the relationship be-
tween organic layer depth and its actual impact on through-
fall retention and mineral soil evaporation in a natural set-
ting remains poorly quantified. To address these gaps and
move beyond laboratory approximations, we established an
extensive FF lysimeter network, installed at three different
sites throughout the Black Forest, SW Germany, to test the
following hypotheses: (1) thicker FF results in higher total
water storage capacities and higher initial throughfall reten-
tion, depending on initial wetness conditions, (2) infiltration
is highly heterogeneous on a small spatial scale, influenced
not only by the spatially variable incoming canopy through-
fall but enhanced by lateral redistribution of water in the FF,
and (3) thicker FFs function as a barrier for evaporation from
the mineral soil by increasing the diffusion path for water va-
por and reducing capillary connectivity between the soil and
the atmosphere.

2 Methods

2.1 Sites

This study utilizes a network of novel forest floor lysime-
ters (Paulsen and Weiler, 2025) and soil moisture probes de-
ployed across three mixed beech-dominated (Fagus sylvat-
ica) forest sites with patchy groups of spruce (Picea abies)
trees. The sites are situated at different altitudes in the Black
Forest region of southwestern Germany. Therefore, these
sites have an annual mean temperature gradient ranging from
6.3 to 10.3 °C and a mean annual precipitation gradient be-
tween 1100 and 1770 mm, which results in varying humus
forms from typical F-Mull to typical Moder, classified ac-
cording to the KA6 system (AG Boden, 2024). In this clas-
sification the Mull is characterized by rapid decomposition
rates of litter, resulting in thin organic and thick A-horizons,
an Oh-layer (humified material) is never present. In contrast,
Moder is characterized by moderately-to-poorly decompos-
able litter. Therefore, the A-horizon is thinner and the organic
horizon is composed of fresh and fragmented litter. Ol and
Of horizons are present all year while sometimes a thin or
patchy Oh layer can occur (AG Boden, 2024). Additional in-
formation regarding the characteristics of these sites can be
found in Table 1.

2.2 Installations

At each of the three sites, we installed four weighted for-
est floor grid lysimeters (FFGL) in September/October 2023.
The FFGLs were designed to generate data with high tem-
poral resolution across multiple locations and varying spa-
tial scales (Paulsen and Weiler, 2025). Therefore, a low-
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Table 1. Detailed characteristics of the three research sites in the Black forest, Germany.

Waldkirch Conventwald Kandel

Coordinates 48.099148° N, 48.022647° N, 48.0687° N,
7.937549° E 7.963581° E 8.0263° E

Altitude (m a s.l) 415 841 1163

Mean annual temperature 10.3 °C 7.8 °C 6.3 °C
(1991–2020)

Mean annual precipitation 1107 mm 1459 mm 1769 mm
(1991–2020)

Humus Forma Typical F-mull Typical Moder Typical Moder

FF thicknessc 5.5 cm 8.5 cm 8.1 cm

FF massc 0.82 kg m−2 3.66 kg m−2 5.03 kg m−2

Soil typeb Dystric Cambisol Dystric skeletic Dystric skeletic
(pantoloamic, Cambisol ochric, Cambisol
ochric, (pantoloamic, (pantoloamic,
endostagnic) folic, humic epiraptic

Bedrock Gneis Paragneis Gneis

a KA 6 (AG Boden, 2024), b WRB 4th edn. (International Union of Soil Sciences, 2022), c sampling in autumn
2023.

cost setup to install multiple lysimeters at several study sites
was necessary. Figure 1a illustrates the FFGL, comprising a
weighted box containing the FFs organic layer and top min-
eral soil, and a frame supporting the measurement equip-
ment, like load cells and tipping buckets, and securing the
system in the soil. The FFGL containers with a surface area
of 25× 100 cm were filled reconstructing the upper 15 cm
of material from the surface, accommodating litterfall in au-
tumn. To explore the small-scale heterogeneity of infiltra-
tion patterns, the lysimeter bottom was partitioned into four
grids (each 0.0625 m2), facilitating a typical grid lysimeter
approach that enables the observation of outflow from each
grid with a tipping bucket independently. A detailed descrip-
tion of the FFGL system and filling procedure is provided in
(Paulsen and Weiler, 2025). Each lysimeter is coupled with
two soil moisture probes (SMT100, Truebner GmbH, Ger-
many), positioned 50 cm adjacent to the lysimeter at two
depths below the soil surface (5 and 15 cm), as depicted
in Fig. 1. Additionally, microclimate parameters below the
canopy, including air temperature, humidity, and radiation,
were recorded at each site using two small meteorological
stations (SnoMos; Pohl et al., 2014). To obtain a represen-
tative mean for each site, the lysimeters were strategically
positioned relative to the two tree species beech (Fagus syl-
vatica) and spruce (Picea abies): one was placed beneath the
crown edge, and the other was situated halfway between the
crown edge and the tree stem. Since storage processes should
be related to a certain dry mass of FF, we disentangled the
lysimeters after almost 2 years in summer 2025, oven dried

and weighed the material. The results are depicted in the Sup-
plement.

2.3 Data processing

Forest floor grid lysimeter

The lysimeters microcontroller was programmed to measure
the container weight with four load cells and number of tips
for each of the four tipping buckets in a 10 min time step.
We here present the data collected from May 2024 to Au-
gust 2025. These measurements of the weighing FFGL can
be used to determine the water balance of the FF for each
observed time step. The amount of water percolating to the
deeper soil D can be determined by multiplying the num-
ber of tipping bucket tips n with the specific tipping volume.
This specific tipping volume was determined by calibration
with 250 mL water in the field. With an average tipping vol-
ume of 2.1 mL and the area covered by each lysimeter grid
(0.0625 m2), we reach a resolution of 0.03 mm for the drain-
ing water. The load cells continuously measure the storage
mass S and, consequently, the mass of the lysimeter. If there
is no drainage and the weight change is negative, we assume
that this change is due to evaporation E from the FF.

IfD = 0&1S < 0

E =1S (1)

A positive storage change is a signal for water input by pre-
cipitation and in our case of canopy throughfall (PTF), under

https://doi.org/10.5194/hess-30-4305-2026 Hydrol. Earth Syst. Sci., 30, 4305–4319, 2026



4308 H. Paulsen and M. Weiler: How the forest floor affects the water cycle

Figure 1. Installed setup (a) containing a microclimate station (SnoMo), soil moisture probes (SMT100) and forest floor grid lysimeters
(FFGL), and (b) the corresponding positioning to the tree.

the assumption there is no evaporation during a precipita-
tion event. This precipitation/canopy throughfall can be cal-
culated as:

PTF = E+D+1S (2)

Event analysis

Figure 2 shows a schematic representation of an exemplary
precipitation event. The event can be divided into several typ-
ical phases, calculated using the storage change (1S) and
drainage (D) at 10 min resolution. The first phase, termed
the initial throughfall retention phase, is characterized by the
lysimeter gaining weight without any drainage occurring. In
the subsequent phase, the lysimeter continues to gain weight
until it reaches its maximum storage capacity (Cmax), known
as the FF interception capacity. During this phase drainage
from the lysimeter begins. As the rainfall ends, the weight
of the lysimeter decreases due to ongoing drainage. Once
drainage stops, the FF reaches Cmin, representing the min-
imum storage capacity or its water holding capacity. The wa-
ter retained at this point can only be further depleted through
evaporation (Putuhena and Cordery, 1996).

To analyze different types of precipitation events, we first
established a clear definition of an event. For our purposes,
an event is characterized by a positive storage increase ex-
ceeding 0.02 mm for more than three consecutive time steps,
thus ensuring that isolated increases in weight (e.g., due to
falling branches, needles or leaves) are not mistakenly clas-
sified as precipitation. An event is considered to have ended
when there are 36 consecutive time steps (equivalent to 6 h)
without a positive water flux (Deguchi et al., 2006; Dunker-
ley, 2008). Additionally, the total precipitation amount for the
event must exceed 0.5 mm. With these criteria, we were able
to identify events of varying amounts, intensities and dura-
tions. The statistical analysis was performed with R Studio
(Version XY). Comparisons were analysed with t-tests.

Initial throughfall retention: We assessed the time lag be-
tween throughfall and drainage for different events, deter-

mining the period during which the FF can retain incoming
water before it percolates to deeper soil layers, and examined
the duration of this retention. We correlated retention sum
and time to the initial soil moisture content for these events.
We hypothesize that longer retention times would correspond
to drier initial conditions. This relationship was tested for sta-
tistical significance.

Storage capacity: We can identify two different storage ca-
pacities of the FF (Putuhena and Cordery, 1996). The first
one represents the minimum interception storage capacity
(Cmin) of the litter layer. This is defined as the amount of
water retained in the litter layer when free drainage ceases
after rainfall. Cmin is comparable to the water holding ca-
pacity concept used in soil sciences for describing storage
in porous media. It excludes gravitational water and is de-
pleted solely by evaporation. In contrast Cmax is referred to
as the FF interception capacity, which can also be defined as
(Cmax) the maximum interception storage capacity of the FF,
taken as the amount of water retained in the FF when the lit-
ter interception stops increasing during rainfall. It includes
gravitational water.

Evaporation: Given that evaporation is a relatively slow
and gradual process, we analyzed it using hourly data. Dur-
ing dry periods (i.e., intervals without rain events), we ex-
amined the hourly changes in weight. After accounting for
drainage, the decrease in weight can be attributed to evapo-
ration.

Infiltration Redistribution: By not only measuring the total
weight of the lysimeter box but also recording the weight at
each individual load cell at the corner of the rectangular con-
tainer (Paulsen and Weiler, 2025), we are able to deduce the
spatial distribution of canopy throughfall across the lysime-
ter surface. While we cannot provide absolute values, this
approach still allows us to determine whether precipitation
is preferentially reaching the surface at the left or right side
of the lysimeter box, or if it is distributed relatively evenly
across the surface. The gridded lysimeter bottom with its cor-
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Figure 2. Exemplary run of one precipitation event, including precipitation and drainage amount as well as the progression of lysimeter
weight, showing the different phases initial throughfall retention, storage, redistribution and evaporation.

responding tipping bucket counts, allows us for direct obser-
vation of the spatial distribution of drainage.

3 Results

3.1 Water fluxes

The FFGLs allow for detailed determination of the water
fluxes into and from the FF. In Fig. 3 we show the abso-
lute hourly water fluxes of one selected exemplary event
during the observed time period including the correspond-
ing cumulative water fluxes for all twelve studied lysimeters.
This event was selected since it was captured from all twelve
lysimeters.

According to the different sites with their different alti-
tudes, we see the highest precipitation amount on Kandel and
slightly lower on Conventwald and much lower in Waldkirch
(Table 2). Comparing the different locations under the trees it
becomes evident that there are differences in canopy through-
fall amount but the relation between throughfall and drainage
is quite similar for all lysimeters.

3.2 Precipitation events–identification

In total, we identified 1570 precipitation events from May
2024 to July 2025 across the three locations and differ-
ently positioned lysimeters (in average over 130 events per
lysimeter). The winter period (November to February) was
excluded from the analysis as frequently precipitation dur-
ing this time involved snowfall and related snowmelt peri-
ods, which cannot be accurately measured with the lysime-
ters alone. The temporal resolution, including the duration
and timing of the identified events (Fig. 4), was consistent
among the lysimeters at each site, and the measured intensi-

ties were also comparable. We recorded the highest number
of events (n= 551) in Conventwald. At the other two sites,
we identified 511 events in Waldkirch and 508 events in Kan-
del. The number of events recorded by individual lysimeters
varied, ranging from 91 to 172 events. Differences in the to-
tal numbers are caused by data gaps in single lysimeters due
to various technical difficulties.

For a characterization of these events, we analyzed their
throughfall amount, intensity, and duration. Figure 5 illus-
trates the distribution of these characteristics. To highlight
some specific cases: 18 % of the events are very small,
ranging between 0.5 and 1 mm, whereas 25 % exhibit a
total precipitation amount exceeding 10 mm. The major-
ity of events (70 %) show average rainfall intensities be-
low 3 mm h−1, with only 7 % experiencing intensities greater
than 10 mm h−1. The duration distribution presents a slightly
different pattern, with a substantial portion of events lasting
less than 1 h (28 %) and another high portion between 3 and
10 h (33 %). Only 17 % of the events last between 1 and 3 h,
and 21 % exceed a duration of 10 h. Notably, we also identi-
fied 83 events that lasted longer than 24 h.

3.3 Retention and moisture content

Approximately 72 % of the observed precipitation events
showed throughfall retention of water in the FF for peri-
ods exceeding 10 min. The average amount of initially re-
tained rainfall water varied, ranging from 0.23 g g−1 FF at
the Kandel site to 0.15 g g−1 at the Waldkirch site (Ta-
ble 3). The maximum retained throughfall amounts before
drainage started was detected between 1.08 g g−1 at Wald-
kirch and 1.22 g g−1 at Kandel. In terms of duration, the
longest throughfall retention times were recorded at the
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Figure 3. Total and cumulative hourly water fluxes of precipitation and percolation, as well as amount of additionally stored water during
the event for a selected rainfall event in fall 2024 (1 October 2024).

Table 2. Total mean amount of fluxes during the selected event 1 October 2024.

Location PTF(mm) Drainage (mm) Evaporation (mm)

Waldkirch Beech CE 22.0 20.2 0.5
Beech CM 20.2 18.9 0.3
Spruce CE 23.2 22.1 0.4
Spruce CM 13.6 11.4 0.9
Mean 19.8 18.2 0.5

Conventwald Beech CE 54.0 52.4 0.3
Beech CM 36.8 34.8 0.3
Spruce CE 26.9 24.8 0.3
Spruce CM 32.1 30.1 0.5
Mean 37.4 35.5 0.3

Kandel Beech CE 35.9 35.0 0.1
Beech CM 45.0 44.0 0.2
Spruce CE 29.8 28.8 0.2
Spruce CM 48.2 46.4 0.4
Mean 39.7 38.5 0.2

CE= crown edge, CM= crown middle, PTF = Throughfall
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Figure 4. Identified rainfall events and their total Throughfall (PTF) for all twelve lysimeters, the snow-affected period which was excluded
from the statistical analysis is rendered in grey.

Figure 5. Measured throughfall amount, intensity and duration of the observed events.

Waldkirch site. Notably, the volume of retained water tended
to increase with higher precipitation totals (Supplement).

Given the absence of clear differences in throughfall reten-
tion amounts and durations among the three sites, we inves-
tigated other potential influencing factors, such as pre-event
soil moisture. Our findings indicate that pre-event soil mois-
ture significantly affects the likelihood of initial through-
fall retention (duration > 10 min) at Conventwald and Kan-
del site. Retention characteristics can not only be affected

by pre-event conditions but also by event characteristics like
amount, intensity, duration or intra-event variability. Figure 6
illustrates the comparison of relative soil moistures for events
with and without throughfall retention, revealing a tendency
for retention to occur at lower soil moisture levels.
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Figure 6. Tendency for throughfall retention to occur in relation to soil moisture at 5 and 15 cm depth. No=There is no retention occurring
in the first interval of an event, yes= retention occurs during the first interval (10 min) of the event. We found a significant difference in
soil moisture leading to initial throughfall retention or not in Waldkirch and at Kandel. Retention usually occurs swith lower soil moisture
contents. Overlaid significance symbols indicate the results of statistical t-tests between the groups. The significance levels are represented
as follows: ∗(p ≤ 0.05), ∗∗(p ≤ 0.01), ∗∗∗(p ≤ 0.001), ∗∗∗∗(p ≤ 0.0001), and ns (p > 0.05)

Table 3. Initial throughfall retention statistics for the three research
sites.

Location Mean Max Mean
throughfall throughfall retained

retention retention time
(g g−1) (g g−1) (h)

Waldkirch 0.15 1.08 6.5
Conventwald 0.23 1.70 3.5
Kandel 0.19 1.22 2.7

3.4 Storage capacity

The mean water holding capacity (Cmin) of the FF exhibits
high variation across the three sites (Fig. 7a), ranging from
1.4 g g−1 FF in Waldkirch and 4.2 g g−1 at Kandel. A statis-
tically significant difference in the mean Cmin values is ob-
served between all sites. The pattern observed for intercep-
tion capacity (Cmax), which corresponds to short-term stor-
age (Fig. 7b), resembles that of Cmin, but is higher since
gravitational water is included. The mean interception capac-
ity ranges from 1.5 g g−1 at the Waldkirch site to 4.4 g g−1 at
Kandel. Once again, Conventwald and Kandel exhibit higher
values at a similar level, suitable to their similar FF character-
istics (typical Moder). The interception capacity for all sites
differs significantly.
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The water holding capacity (Cmin) is significantly influ-
enced by the duration and, consequently, the intensity of rain-
fall events (Fig. 8a). Longer event durations, typically asso-
ciated with lower intensities (Fig. 8b), allow for more effec-
tive filling of the storage capacity, resulting in an increase
in Cmin with extended rainfall durations Conversely, during
higher intensity events, water tends to flow rapidly through
the relatively large pores of the FF, preventing effective fill-
ing of the storage. Detailed analysis of varying precipitation
intensities and durations reveals that Cmin is getting much
higher with prolonged rainfall events 2.2 g g−1 for a rainfall
event lasting less than 1 h up to mean Cmin 2.6 g g−1 for very
long events (> 10 h). For the intensity data it becomes espe-
cially visible that for intensities higher 10 mm h−1 the mean
storage capacity drops down to 1.9 g g−1. Likewise, Cmax is
influenced by the duration of precipitation events. Here, the
values are ranging from 2.3 g g−1 for events lasting less than
1 h to 2.8 g g−1 for events exceeding 10 h. Also, the Cmax val-
ues for events with an intensity higher than 10 mm h−1 are
much smaller with 2.1 g g−1. All corresponding numbers can
be found in Table 4.

3.5 Evaporation

Evaporation on rain-free days, as shown in Fig. 9 for a sub-
set spring and a summer period exhibits a pronounced diur-
nal pattern with a peak around midday. The highest evapo-
ration rates (mm h−1) occur at noon, coinciding with max-
imum temperatures and peak solar radiation. In Fig. 9a we
present the evaporation rates in Spring 2025 reaching up
to 0.4 mm h−1 when the canopy is not yet fully developed,
while during the depicted period in Summer 2024 with a fully
closed canopy (Fig. 9b), the maximum observed evaporation
rate is only 0.16 mm h−1. For both periods the soil moisture
varied between 13 vol % and 15 vol %, while the mean air
temperature in spring was 15 °C and in the depicted summer
period was 20 °C

Average daily evaporation rates for days without rainfall
range around 0.5 mm d−1 for the observed period. When ex-
amining daily evaporation rates on rain-free days, it becomes
apparent that daily evaporation rates do not differ signifi-
cantly between the three research sites, but are highest at the
Conventwald site, followed by Kandel, and Waldkirch. Due
to the limited duration of rain-free periods (generally only a
few days), overall daily evaporation rates do not differ sub-
stantially from first-day following precipitation evaporation,
with mean values only slightly lower (Table 5).

3.6 Infiltration distribution

The blue boxes in Fig. 10 depict the average proportion of
throughfall between the left and right sides in relation to the
lysimeter site setup for each of the twelve lysimeters. In some
cases, such as Kandel Beech crown middle, precipitation is
equal proportioned (50 % / 50 %), whereas the most uneven

proportion was observed in Waldkirch Spruce crown edge
(45 % / 55 %). Statistical analysis revealed that in three quar-
ters of the lysimeters (nine out of twelve), one side receives
a significantly larger proportion of precipitation (bold num-
bers).

The brown boxes below illustrate the distribution pat-
terns of percolating/draining water, divided among the four
drainage grids of each lysimeter. The numbers represent the
percentage share of total drainage at each grid location. Here,
too, the degree of distribution varies: some lysimeters, such
as Conventwald Beech crown edge, exhibit relatively even
distribution, while others, such as Kandel beech crown mid-
dle, show pronounced heterogeneity.

If the spatial patterns of precipitation and drainage are sim-
ilar, we assume that there is minimal redistribution of precip-
itation water by the FF e.g. Waldkirch Beech crown edge,
where both precipitation and drainage are concentrated on
the left side (primarily in Tables 1 and 2). Conversely, if the
patterns differ, we attribute this to redistribution processes by
the FF and/or the organic soil layer (e.g. Waldkirch Spruce
crown middle). For the majority of the twelve lysimeters,
we observe diverging patterns in drainage distribution com-
pared to precipitation input. This supports our hypothesis that
the FF plays a critical role in redistributing incoming water,
which may contribute to the development of preferential flow
paths.

4 Discussion

4.1 Initial throughfall retention

Our findings support the hypothesis that a moist FF lacks the
capacity to retain additional water, whereas throughfall re-
tention capability increases in drier conditions. The outliers
observed in the “no retention” boxplots may be attributed to
hydrophobicity, which can occur under very dry conditions
(Vogelmann et al., 2013). We hypothesize that severe dryness
induces hydrophobicity within the litter layer, which in turn
reduces water retention and promotes rapid percolation. But
this hypothesis needs further testing. The unusually wet year
2024 precluded the development of these hydrophobic condi-
tions necessary for observation. As a result, the specific pro-
cesses associated with extreme dry-state behaviour remained
dormant and could not be analyzed during the study period.

4.2 Storage capacity

Our findings show that sites with Moder FFs in contrast to
Mull FF have higher water storage capacities by mass frac-
tion, leading us to conclude that the ability to hold water is
influenced by the FF form and therefore the proportion of
organic fine material (OFM) rather than just a function of
FF thickness. This suggests that the storage capacity is de-
termined not only by the volume of available pores but also
by the specific mechanisms that allow water to enter them.
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Figure 7. Mean minimum (a) and maximum (b) water holding capacity (Cmin and Cmax) on the three different research sites. Overlaid signif-
icance symbols indicate the results of statistical t-tests between the sites. The significance levels are represented as follows: ∗∗∗∗(p ≤ 0.0001).

Figure 8. Mean interception capacity (Cmax) on the three different research sites and for different precipitation durations (a) and conse-
quently different precipitation intensities (b) overlaid significance symbols indicate the results of statistical t-tests between the groups. The
significance levels are represented as follows: ∗(p ≤ 0.05), ∗∗(p ≤ 0.01), ∗∗∗(p ≤ 0.001), ∗∗∗∗(p ≤ 0.0001), and ns (p > 0.05).
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Table 4. Mean values and standard deviation (brackets) for minimum storage capacity (Cmin) and maximum storage capacity (Cmax) in total
amounts (mm) and as mass fraction (g g−1) at the three different sites and for distinct precipitation durations and intensities.

Mean Cmin Mean Cmax Mean Cmin Mean Cmax
(mm) (mm) (g g−1) (g g−1)

Location

Waldkirch 28.3 (± 7.2) 29.9 (± 7.3) 1.4 (± 0.4) 1.5 (± 0.4)
Conventwald 23.2 (± 6.4) 24.8 (± 6.9) 2.4 (± 0.7) 2.6 (± 0.7)
Kandel 38.4 (± 7.0) 40.3 (± 7.4) 4.2 (± 0.8) 4.4 (± 0.8)

Duration

< 1 h 28.2 (± 9.2) 29.3 (± 9.1) 2.2 (± 0.7) 2.3 (± 0.7)
1–3 h 29.6 (± 9.1) 31.1 (± 9.4) 2.3 (± 0.7) 2.4 (± 0.7)
3–10 h 29.6 (± 9.1) 31.3 (± 9.3) 2.2 (± 0.7) 2.3 (± 0.7)
> 10 h 32.3 (± 9.6) 35.2(± 10.2) 2.6 (± 0.8) 2.8 (± 0.8)

Intensity

< 1 mm h−1 30.2 (± 9.0) 31.5 (± 9.0) 2.2 (± 0.6) 2.3 (± 0.7)
1–3 mm h−1 30.6 (± 9.8) 32.7(± 10.4) 2.5 (± 0.8) 2.7 (± 0.8)
3–10 mm h−1 28.6 (± 9.3) 30.4 (± 9.7) 2.3 (± 0.8) 2.5 (± 0.8)
> 10 mm h−1 27.1 (± 8.2) 29.6 (± 8.5) 1.9 (± 0.6) 2.1 (± 0.6)

Figure 9. Diurnal pattern of evaporation fluxes from the forest floor for one exemplary timespan (28 August 2024–31 August 2024) and
lysimeter (Spruce crown edge, Conventwald).

Table 5. Mean values and standard deviation (brackets) of evapora-
tion rates for the three sites.

Location Evaporation (mm d−1)

Rain-free days Post-rainfall day

Waldkirch 0.51 (± 0.34) 0.53 (± 0.28)
Conventwald 0.54 (± 0.37) 0.58 (± 0.30)
Kandel 0.53 (± 0.29) 0.55 (± 0.32)

This is evident when contrasting the wetting mechanisms of
the canopy and the forest floor: whereas canopy interception
is heavily influenced by the momentum and velocity of rain-
drops (Keim et al., 2006; Nanko et al., 2022), the wetting
of the forest floor is governed by low-velocity flow and cap-
illary forces within detrital pores. Consequently, storage in

the FF is less a result of drop impact and more a function of
the hydraulic conductivity and pore structure of the organic-
mineral interface.

The range of observed water-holding capacity (Cmin) and
interception capacity (Cmax) across our lysimeter network
(Fig. 7) can be attributed in part to our analytical approach.
All precipitation events were analyzed without precondition-
ing the FF to a dry state, meaning storage was not empty
at the onset of an event. This methodological choice dif-
fers to most laboratory studies, which typically being exper-
iments on (oven-) dried material. In the natural environment,
the litter layer is rarely, if ever, completely dry, and precipi-
tation events frequently occur in rapid succession, prevent-
ing the full depletion of storage between them. This dis-
tinction complicates direct, quantitative comparisons with
laboratory-derived values. For instance, (Sato et al., 2004) re-
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Figure 10. Percentage share of precipitation (blue) on the left/right site of the lysimeter in relation to the field setup, bold numbers show a
significant difference (t-test), and infiltration distribution (brown), showing the ability of the FF to redistribute water fluxes.

ported storage values of 0.44–1.74 g g−1, while Putuhena and
Cordery (1996) measured values around 1 g g−1. The higher
mean storage capacities observed in our study likely stem
from the composition of our lysimeters, which were filled
not only with freshly fallen litter but also with fragmented
FF material and the upper centimetres of the mineral soil
(A horizon), resulting in a more complex, layered porous
medium with greater overall water retention potential. As
anticipated, the mean Cmax values were consistently higher
than Cmin, as this metric includes gravitational water that
drains rapidly following the cessation of rainfall (Putuhena
and Cordery, 1996; Sato et al., 2004).

Aside from the intrinsic properties of the FF, our event-
based field data show that storage capacity is also dynam-
ically modulated by the specific characteristics of the pre-
cipitation event itself. We found that Cmin and Cmax are
more effectively filled during prolonged, low-intensity rain-
fall events. This finding partly differs from previous research.
Sato et al. (2004), for example, found that higher intensi-
ties were associated with greater storage, which could be at-
tributed to the larger overall water volumes used in the con-
trolled experiments. Similarly, our results contrast with those
of Keim et al. (2006), who performed canopy irrigation ex-
periments and found an increase in storage for canopy inter-
ception with rainfall intensity. These discrepancies may be
attributed to differences between field observations and lab-
oratory simulations. In field studies, water storage is influ-
enced by naturally varying pre-moisture conditions and pre-
cipitation characteristics, including intensity, duration, and
magnitude. In contrast, these parameters are strictly con-
trolled in laboratory settings, allowing for precise manipu-

lation. Natural rainfall events with high intensity and long
duration are uncommon in our study region. As a result,
our field data, which reflects the actual distribution of storm
events, is likely to underestimate these more extreme, high-
volume events that can be easily created in the laboratory.
Consequently, our results do not necessarily contradict pre-
vious work but rather provide a crucial real-world perspec-
tive, underscoring that the frequency and character of natural
rainfall are critical determinants of FF storage.

4.3 Evaporation

Examining daily evaporation rates on days without rain re-
veals that they are highest at the Conventwald site, followed
by Kandel and Waldkirch, but do not differ significantly and
are around 0.5 mm d−1. Other studies, such as Magliano et al.
(2017) align well with evaporation to be 1.1± 0.3 mm d−1

for forest litter at the first day after rainfall and Deguchi et
al. (2008) with seasonal variations in evaporation rates from
the FF to be 0.2± 0.13 mm d−1. The high spatial variabil-
ity of their observation was attributed to the local photo-
environment of each sampling point, rather than to litter con-
ditions, if the spatial variation in air temperature or vapour
pressure deficit at the FF is small relative to variation in ra-
diation (Deguchi et al., 2008). The differences of evapora-
tion between our research sites could also be attributed to the
larger water availability in the FF storage at Conventwald, as
discussed in the previous section. Additionally, differences
in site exposure to wind and solar radiation are likely to
contribute to the observed patterns. Notably, despite Wald-
kirch being the warmest site, it has the lowest evaporation
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rates, implying that temperature is not the primary control-
ling factor for evaporation of the FF, but more the other fac-
tors used in typical evaporation models (Penman-Monteith;
Beven, 1979), like solar radiation, humidity or wind speed
(Levia et al., 2011). This is also evident when we look at
the difference in diurnal pattern in spring and summer. Even
though average temperatures are higher in summer, we see
higher hourly evaporation rates in spring due to higher solar
radiation under the less dense canopy. In general this diur-
nal pattern is consistent across all lysimeters and has also
been described by Deguchi et al. (2008), who reported mid-
day peaks of approximately 0.04 mm per 30 min (equivalent
to 0.08 mm h−1), which aligns well with our observations.
Our high-resolution data further reveal hourly oscillations
between peak evaporation and near-zero values. These fluc-
tuations are attributed to the influence of sunflecks, small
gaps in the canopy that allow direct sunlight to reach the for-
est floor, which trigger rapid, transient increases in evapora-
tion. It should be noted, however, that while these oscillations
are prominent at the lysimeter scale, they may be smoothed
out when scaling these results to a hectare or catchment level,
as the local photo-environment varies significantly across the
landscape.

The differences in the pore size distribution between the
FF and the underlying mineral soil can create a capillary bar-
rier. This capillary barrier effect has the potential to reduce
the transport of water vapour from the mineral soil via FFs
into the atmosphere. As a result, the FF protects the mineral
soil from evaporation. Our comparatively low evaporation
rates suggest that this protective function of the FF is present,
just like Magliano et al. (2017) compared evaporation rates
from FF (1.1 mm d−1), bare forest soil (4.4 mm d−1) and pas-
ture (7.0 mm d−1). The effect of a protective function aligns
also with the findings of Floriancic et al. (2023), who showed
that the removing of the organic litter layer in a temperate
mixed forest increased evaporation from the underlying min-
eral soil.

4.4 Infiltration

The FF also influences water fluxes from the atmosphere into
the mineral soil, as demonstrated by the water repellency of
litter surfaces (Greiffenhagen et al., 2006; Neris et al., 2013)
or the low pore connectivity between the FF and the min-
eral soil. Water repellency or low wettability is frequently
observed in FFs at much higher residual water contents than
in mineral soils (Greiffenhagen et al., 2006; Wessolek et al.,
2008). During dry periods, this water repellency potential in-
creases significantly, especially for thicker FF layers (Gimbel
et al., 2016). The water repellency of FFs has been shown to
increase overland flow and runoff on inclined terrain (Neris et
al., 2013) and alter infiltration dynamics and pathways (Gim-
bel et al., 2016; Orfánus et al., 2021). Additionally, it may
cause preferential flow along wettable microsites, directing
rainwater predominantly towards root surfaces (Wessolek et

al., 2008). Our findings in Fig. 10 provide a first insight to
the redirection of water fluxes by the FF at a small spatial
scale. The high variation in spatially resolved infiltration sug-
gests that the structural heterogeneity of the FF, specifically
the presence of preferential flow paths, acts as a primary
driver of this variability. This internal redistribution within
the FF appears to exert a strong influence on infiltration pat-
terns just like the spatial redistribution caused by incoming
canopy throughfall and stemflow processes. However, fur-
ther investigation is needed to fully quantify these effects and
compare them to the throughfall variability, particularly un-
der dry and potentially hydrophobic conditions, which were
not sufficiently represented in the period of study.

5 Conclusions

The results of this one-year lysimeter study, based on the
analysis of 1570 distinct precipitation events, demonstrate
that the forest floor (FF) functions as a dynamic regulator of
water flux in temperate beech-dominated forests. Our find-
ings reveal that initial throughfall retention is not signifi-
cantly driven by differences in FF thickness or mass but is
instead primarily influenced by the pre-event water content.
While the predominantly moist conditions of the study pe-
riod limited the detection of significant hydrophobic effects,
the clear correlation between higher storage capacities (Cmin
and Cmax) and a higher proportion of organic fine material,
typical Moder at the Kandel and Conventwald sites, under-
scores the critical role of FF composition in water regulation.

Furthermore, this study highlights that throughfall char-
acteristics are as influential as FF properties in governing
storage dynamics. Specifically, low-intensity, long-duration
events facilitated a more effective filling of the FFs stor-
age compared to high-intensity, short-duration events. The
observed low evaporation rates further indicate that the FF
serves as a vital protective barrier against evaporation from
the mineral soil.

Finally, the use of the gridded lysimeter setup provided
crucial evidence of spatial water redistribution, supporting
the hypothesis that the FF plays a fundamental role in modi-
fying sub-surface hydrological pathways and infiltration pro-
cesses. Overall, these findings emphasize that FF properties,
particularly mass and the presence of organic fine material,
are primary determinants of water storage, retention, and re-
distribution within temperate forest ecosystems.
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