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Abstract: Floor litter can reduce the amount of water reaching the soil layer through rainfall
interception. The rainfall interception capacity of floor litter varies with the physical features of the
litter and rainfall characteristics. This study aimed to define the maximum and minimum interception
storages (Cmx , Cmn ) of litter layers using rainfall simulation experiments, and examine the effects of
litter type and rainfall characteristics on rainfall retention and drainage processes that occur in the
litter layer. Different types of needle-leaf and broadleaf litters were used: Abies holophylla, Pinus strobus,
Pinus rigida, Quercus acutissima, Quercus variabilis, and Sorbus alnifolia. Our results indicate a wide
variation in interception storage values of needle leaf litter, regardless of the rainfall intensity and
duration. The A. holophylla needle-leaf litter showed the highest Cmx and Cmn values owing to its
short length and low porosity. Conversely, the lowest interception storage values were determined
for the P. strobus needle leaf litter. No significant differences in interception storage were established
for the broadleaf litter. Moreover, except for A. holophylla litter, the broadleaf litter retained more
water than the needle leaf litter. An increase in the intensity or duration of rainfall events leads to an
increase in the water retention storage of litter. However, these factors do not influence the litter’s
drainage capacity, which depends primarily on the force of gravity.
Keywords: floor litter; rainfall interception capacity; rainfall simulation experiment; litter drainage

1. Introduction
Rainfall interception is recognized at present as one of the most underrated and underpriced
processes in forest hydrology. In places where floor litter has developed on a near-ground surface,
rainfall that falls on forest cover is intercepted by the litter layer and subsequently evaporates back
into the atmosphere [1–3]. This retention and redistribution process profoundly influences the water
budget of forest areas, altering the amount of water available to percolate into the uppermost layer
of forest soils [4–6]. Compared to tree canopy interception, floor litter interception has received less
attention because it is often regarded as a minor component of the water cycle [7]. Forest litter refers to
recently fallen and partially decomposed tree leaves, twigs, and small branches, distinct from humus,
resting on the upper surface of soils [8]. It forms a porous barrier that retains a small portion of the
incident rainfall.
Researchers have been investigating floor litter interception since the middle of the 20th century;
however, only recently has it received a significant amount of research attention [2,3]. Taking accurate
measurements of litter interception capacity is challenging [3,7]. Field experiments can provide a reliable
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estimation of the interception loss but are inaccurate in their estimation of the interception capacity over
time and space [9–13]. Thus, laboratory experiments are often employed to assess litter interception
loss [4,7,14–19]. Regardless of the approach, water intercepted by floor litter is of similar magnitude or
sometimes higher than that intercepted by the canopy. A wide range of litter interception loss has
been observed in previous studies, ranging from 1–2% to 50–70% of gross rainfall [2,3,10,14,20,21],
although inconsistencies in measurement exist. The reason for these inconsistencies can be attributed
to the variation in the litter type, litter thickness, and rainfall characteristics [4,7,11,15,18–21].
Floor litter is highly heterogeneous in terms of its physical structure and its accumulation is
not evenly distributed over the soil surface. Furthermore, the interception capacity of floor litter
can vary across tree species and depends entirely on the litter’s physiological and morphological
characteristics [22]. Broadleaf litter is generally large and curved in shape and thus can easily capture
rainwater, while needle-leaf litter is well compacted and can block flow paths that run through
the litter [7,19]. Broadleaf litter individually stores more water than needle litter during storm
periods [4,7,14]. In contrast, the loosely packed, flat litter layer in deciduous species intercepts less
water than the clumped, needle litter accumulation in coniferous species [16,19]. The absolute amount
of water retained is likely to depend on the thickness of the accumulated litter, where a thicker litter
layer retains more water [10,15,18].
Water retention is not only affected by the inherent nature of litter but also by rainfall characteristics,
which influence the water storage capacity of floor litter. Although the amount of water stored is
proportional to rainfall intensity, litter storage capacity shows a poor relationship with rainfall
intensity [16,23]. This inverse relationship exists because more water is needed to saturate the deeper
litter accumulation thoroughly [10,24]. Therefore, floor litter can retain a smaller rainfall percentage
during a short, intense storm event than in a long, less intense event [25,26]. Li et al. [25] and others [17]
found that the effects of rainfall intensity on interception capacity are not apparent, and no linear
relationship exists across litter types.
The influence of rainfall on the extent of interception capacity has not yet been revealed as
raindrop size, intensity, and the pattern of natural rainfall vary in space and time. Although research
on litter interception is limited, several studies have attempted to quantify it under natural or artificial
rainfall events. The variance and inhomogeneity of natural rainfall make it difficult to identify the
fingerprint of rainfall on litter interception storage under in situ experiments [25–27]. Over the past
few decades, rainfall simulation experiments have been used in numerous hydrologic studies to
quantitatively demonstrate the influence of rainfall characteristics on experimental variables [4,14,23].
Using simulated rainfall enables a greater control of the rainfall variables and simplifies data collection
during the experiment.
Although the interception capacity of rainfall by floor litter has been widely investigated, studies on
the precise nature of hydrologic processes occurring in the litter layer during rainfall have not been
conducted. Furthermore, the effects of litter and rainfall characteristics on water retention and
drainage have not been adequately examined. In this regard, the present study conducts a laboratory
investigation of retention and drainage processes as to whether or not the physical features of litter and
rainfall characteristics would affect the hydrologic function of litter. The primary aim of the experiment
is to quantitatively estimate the rainfall interception storage of various litter types under controlled
conditions of rainfall and litter. The secondary aim is to examine the hydrologic processes of the litter
layer over the short period of time by relating the retention and drainage processes to the litter’s
physical traits and the rainfall characteristics.
2. Materials and Methods
2.1. Litter Collection and Characterization
Two contrasting types of litter were used in this study: needle-leaf litter and broadleaf litter.
All litter samples were collected at Mt. Gwanak, which is approximately 1500 ha and is managed
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by the College of Agriculture and Life Sciences, Seoul National University. This forest is located in
the southern part of Seoul in Korea and is at a height of 632 m a.s.l., consisting of young-growth
and mixed-coniferous type stands. Its topography is relatively steep, and the dominant soil type is
sandy loam.
Undecomposed litter was taken from six different sites: three litter samples beneath coniferous
trees, and three beneath deciduous trees. Coniferous tree species included Abies holophylla Maxim.,
Pinus strobus, Pinus rigida Mill., while Quercus acutissima Carruth., Quercus variabilis Blume, and Sorbus
alnifolia (Siebold & Zucc.) C. Koch represented broadleaf litter. Fallen leaves from the current year
were manually collected from the ground surface beneath the mature trees. We also removed leaves
with obvious symptoms of pathogen or herbivore attack. Most of the litter samples were collected in
the period of October to November 2016, while some needle litter samples were supplemented in April
2017. All the collected litter samples were placed in sealed plastic bags and immediately transported
to the laboratory for analysis.
The morphological characteristics of litter may vary with tree species. Apparent features, such as
length and diameter, of the needle-leaf litter were measured manually and the measurements were
repeated for 200 needles for each species, thereby accounting for the natural variations in its physical
shape. The measurements were performed using a digital caliper and rounded to the nearest
0.1 mm. The needle’s all-side surface area and volume were estimated from the litter length and
diameter, under the assumption that the pine-type needle has a cylindrical form with the terminal area
neglected [4]. The projected areas of 50 randomly selected broadleaf litters were measured with an
LI-3000C leaf-area meter (LiCOR Inc., Lincoln, NE, USA) and used to determine the total surface area
of individual litter. The leaf volume of the broadleaf litter was estimated by multiplying the surface
area of the individual litter by its thickness. Leaf thickness was averaged from five measurement points
that were randomly made with a digital caliper.
Because of the wide variation in the leaf morphology between tree species, this study used two
reliable parameters, specific surface area (SSA) and surface-area-to-volume ratio (SAV), to distinguish
the physical properties of the litter. A finite amount of water adheres to the litter surface as a result
of surface tension. Therefore, SSA has been used extensively to examine the influences of litter traits
on rainfall retention [3,28]. SSA is a geometric estimator representing the total surface area per unit
mass of litter, thereby indicating the extent to which the litter surface interacts with its surroundings.
The litter was dried in laboratory at nearly 23 ◦ C temperature, 40% relative humidity for at least
seven days and then weighed to determine its dry mass. SAV is a crucial litter parameter that best
describes litter geometry and its relative dimensions. It refers to the ratio between the surface area
and its volume [29]. The SAV value of individual litter can be determined by separate measurements
of the surface area and volume. Large SAVs increase the rates of energy and mass exchange in the
gaseous phase, implying that litter can quickly become wet or dry in response to changes in the
surrounding conditions.
2.2. Rainfall Simulation Experiment
A rainfall simulation experiment was conducted to quantitatively demonstrate the effects of
rainfall characteristics on litter interception storage. The experimental apparatus consisted of a portable
rainfall simulator, a litter container, a drainage collector, and electronic balances (Figure 1).
A portable rainfall simulator with a 0.25 m × 0.25 m sprinkling area (Eijkelkamp® ,
Giesbeek, Netherlands) supplied simulated rainfall of assigned rainfall intensity and duration.
The rainfall simulation pours water droplets with a mass of 0.106 g and a diameter of 5.9 mm,
which is similar to the canopy drip of throughfall [30].
Litter mass influences water storage and drainage [14,25]. Kang et al. [31] observed a litter
accumulation of 944 ± 512 g/m2 in a deciduous forest in Korea, which is similar to a previous
study [15]. Therefore, a weight of 60 g (on average 960 g/m2 ) of litter was used in the rainfall simulation
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experiments. Litter was placed in a 0.25 m × 0.25 m rectangular container beneath the portable
simulator.
thickness
of the litter layer varied with the density and consolidation of the layer.
Water
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2.3. Interception Storage Measurement
Interception storage capacity is a predictive variable that quantitatively represents the retention
ability of floor litter. It can be defined as the depth of water stored or retained on the litter surface and
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2.4. Litter Drainage Estimation
2.4. Litter Drainage Estimation
Water retention and drainage processes occurring in the litter layer displayed three phases in terms
Water retention and drainage processes occurring in the litter layer displayed three phases in
of the timing and flux of water: wetting, saturation, and drying. As shown in Figure 2, the amount of
terms of the timing and flux of water: wetting, saturation, and drying. As shown in Figure 2, the
retained water increased rapidly during the wetting phase. This phase usually took place during the
amount of retained water increased rapidly during the wetting phase. This phase usually took place
first stages of the rain over a short time. As the rain continued for a certain period, the water retained
during the first stages of the rain over a short time. As the rain continued for a certain period, the
on the litter plateaued and reached the saturation phase. The saturation phase was relatively stable
water retained on the litter plateaued and reached the saturation phase. The saturation phase was
because the litter was too wet to retain more water and, consequently, excess water drained into the
relatively stable because the litter was too wet to retain more water and, consequently, excess water
collector. When the rain stopped, a gravitational flow was produced in the pores until the surface
drained into the collector. When the rain stopped, a gravitational flow was produced in the pores
tension and gravitation force established an equilibrium. During the drying phase, the drainage rate
until the surface tension and gravitation force established an equilibrium. During the drying phase,
tended to decrease exponentially, similar to the infiltration curve.
the drainage rate tended to decrease exponentially, similar to the infiltration curve.
The wetting phase consists of the initial abstraction (lag time), percolation, and gravitational
The wetting phase consists of the initial abstraction (lag time), percolation, and gravitational
flow (Figure 3). When rain begins to fall, all the rain can be stored for a short period as the initial
flow (Figure 3). When rain begins to fall, all the rain can be stored for a short period as the initial
abstraction. As shown in Figure 3, the initial abstraction is commonly referred to as the lag time, which is
abstraction. As shown in Figure 3, the initial abstraction is commonly referred to as the lag time,
the elapsed time for producing litter drainage. In succession to the lag time, percolation occurred
which is the elapsed time for producing litter drainage. In succession to the lag time, percolation
through the litter layer [33]. The percolation period was estimated from the time-varying flux of
occurred through the litter layer [33]. The percolation period was estimated from the time-varying
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where 𝐶 is the water retained in the litter layer at t-min after rain cessation, 𝐶 and 𝐶 are the
where Ct is the water retained in the litter layer at t-min after rain cessation, Cmx and Cmn are the
maximum and minimum interception storage of the litter layer, and k is the recession coefficient of
maximum and minimum interception storage of the litter layer, and k is the recession coefficient of litter
litter drainage. The parameter 𝑘 represents the time-dependent decline of water retained in the litter
drainage. The parameter k represents the time-dependent decline of water retained in the litter layer.
layer.
2.5. Statistical Analysis
2.5. Statistical Analysis
Statistical differences among the groups were evaluated by one-way ANOVA or Kruskal-Wallis
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3. Results
United
States).
3.1.
Litter Physical Characteristics
3.
Results
Leaf litter samples taken from three deciduous tree species were used in this study. The litters
3.1. Litter Physical Characteristics
of Q. variabilis and Q. acutissima were characterized by a longer length and narrower width than the
oval-shaped
litter
of S. alnifolia.
Thethree
projected
surface
area
of thewere
Q. variabilis
was significantly
Leaf litter
samples
taken from
deciduous
tree
species
used inlitter
this study.
The litters
larger
than thatand
of the
alnifolia and
Q.characterized
acutissima litters.
shown
in Figure
small litters
areas
of
Q. variabilis
Q. S.
acutissima
were
by aAs
longer
length
and 4a,
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widthwith
than
the
2
of less than 100
cmofcontributed
to the surface
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and
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litters
butwas
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only
oval-shaped
litter
S. alnifolia. the
Themost
projected
area of
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variabilis
litter
significantly
38% tothan
the Q.
variabilis
larger
that
of the litter.
S. alnifolia and Q. acutissima litters. As shown in Figure 4a, small litters with
areas of less than 100 cm2 contributed the most to the Q. acutissima and S. alnifolia litters but
contributed only 38% to the Q. variabilis litter.
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Figure 4b shows the distinct difference in litter length distribution between A. holophylla and
pine litter (P. rigida and P. strobus). The majority of A. holophylla litters were 2–3 cm in length. The
needle length of pine trees ranged mostly from 4 cm to 13 cm, with an average length of 8.89 cm7in
P.
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litter varied from 167.83 cm2/g (Q. variabilis) to 283.88 cm2/g (S. alnifolia), while they ranged from 30.64

cm2/g (A. holophylla) to 176.87 cm2/g (P. strobus) in the case of needle-leaf litter. A similar variation
Table 1. Physical characteristics of individual litter samples.
was observed in the SAV values, which were higher in the order of S. alnifolia, Q. acutissima, and Q.
Surface-Area-to-Volume
variabilis for the broadleaf litter, and P. strobus,
P. rigida,Specific
and A.
holophylla
for the
needle-leaf litter.
Density
Surface
Area (SSA)
Litter Type

Species

Sample Size

(g/cm3 ) *

(cm2 /g) *

Ratio (SAV)
(cm2 /cm3 ) *

Broadleaf litter

Q. variabilis
Q. acutissima
S. alnifolia

50
50
50

0.590 ± 0.046
0.535 ± 0.065
0.482 ± 0.070

167.83 ± 26.56
221.36 ± 49.13
283.88 ± 77.91

98.53 ± 14.03
116.20 ± 15.71
135.02 ± 34.47

Needle-leaf
litter

P. strobus
P. rigida
A. holophylla

200
200
200

0.650 ± 0.028
0.661 ± 0.113
0.393 ± 0.036

176.87 ± 33.05
96.68 ± 14.04
30.64 ± 9.72

115.11 ± 23.97
62.94 ± 7.76
11.96 ± 3.70

* indicates the mean ± standard deviation.

The P. rigida litter is considered to be the heaviest floor litter (0.661 g/cm3 ), while the density of the
A. holophylla litter is 0.393 g/cm3 , which is the lightest among the six litter types. Leaf surface area was
significantly higher in the broadleaf litter than in the needle-leaf litter. The SSAs of the broadleaf litter
varied from 167.83 cm2 /g (Q. variabilis) to 283.88 cm2 /g (S. alnifolia), while they ranged from 30.64 cm2 /g
(A. holophylla) to 176.87 cm2 /g (P. strobus) in the case of needle-leaf litter. A similar variation was
observed in the SAV values, which were higher in the order of S. alnifolia, Q. acutissima, and Q. variabilis
for the broadleaf litter, and P. strobus, P. rigida, and A. holophylla for the needle-leaf litter.
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Simulated rainfall was poured over the litter accumulation in the litter container. The litter layer’s
characteristics, such as layer thickness and porosity, can affect the water retention capacity. Table 2
displays the thickness and porosity of the litter layer for all the experiments. Litter thickness varied
with litter density and porosity. The A. holophylla litter layer had a lower thickness (1.37 cm) than the
pine litter layers. The broadleaf litter layer thickness ranged from 10.84 cm in Q. variabilis to 13.16 cm
in Q. acutissima. Porosities of the broadleaf litter layer were higher than those of the needle litter layer.
Table 2. Physical characteristics of litter layers used for rainfall simulation experiments.
Litter Type

Species

Broadleaf litter

Needle-leaf litter

Litter Layer
Thickness(cm) *

Porosity (%) *

Q. variabilis
Q. acutissima
S. alnifolia

10.84 ± 0.70
13.16 ± 0.45
12.75 ± 0.45

98.48 ± 0.10
98.61 ± 0.05
98.40 ± 0.06

P. strobus
P. rigida
A. holophylla

7.13 ± 0.62
5.80 ± 0.53
1.37 ± 0.22

97.92 ± 0.19
97.46 ± 0.23
81.49 ± 3.67

* indicates the mean ± standard deviation for five experiments.

3.2. Litter Interception Storage
Litter interception storage is given by the equivalent depth of rainfall per unit thickness of the
litter layer (Table 3). For needle-leaf litter, the average Cmn value per unit thickness of the litter layer
was the highest in A. holophylla (1.146 mm/cm), followed by P. rigida (0.173 mm/cm) and P. strobus
(0.097 mm/cm). The water stored in the broadleaf litter layer ranged from 0.088 mm in Q. acutissima to
0.098 mm in Q. variabilis per effective depth of the layer, depending on species and rainfall intensity,
which were considerably lower than those of the needle litters.
Table 3. Variations of Cmx and Cmn across litter type and rainfall.
Broadleaf Litter

Needle-Leaf Litter

Intensity
(mm/h)

Duration
(min)

Q. variabilis

Q. acutissima

S. alnifolia

50

10
20
30
40

0.118 ± 0.014
0.145 ± 0.008
0.159 ± 0.017
0.157 ± 0.025

0.128 ± 0.016
0.138 ± 0.011
0.133 ± 0.008
0.143 ± 0.016

0.126 ± 0.007
0.135 ± 0.015
0.144 ± 0.020
0.142 ± 0.009

75

20

0.171 ± 0.031

0.151 ± 0.009

100

20

0.191 ± 0.019

0.152 ± 0.011

P. strobus

P. rigida

A. holophylla

0.174 ± 0.007
0.196 ± 0.016
0.219 ± 0.012
0.214 ± 0.021

0.242 ± 0.029
0.290 ± 0.018
0.282 ± 0.035
0.286 ± 0.021

1.447 ± 0.322
2.075 ± 0.467
1.611 ± 0.069
1.601 ± 0.118

0.140 ± 0.008

0.237 ± 0.017

0.322 ± 0.030

1.738 ± 0.344

0.164 ± 0.011

0.260 ± 0.029

0.331 ± 0.031

1.623 ± 0.224

(a) Cmx (mm/cm) *

(b) Cmn (mm/cm) *

50

10
20
30
40

0.074 ± 0.014
0.090 ± 0.006
0.103 ± 0.014
0.103 ± 0.018

0.079 ± 0.013
0.088 ± 0.008
0.086 ± 0.005
0.093 ± 0.011

0.083 ± 0.006
0.088 ± 0.010
0.094 ± 0.013
0.097 ± 0.009

0.088 ± 0.003
0.095 ± 0.010
0.095 ± 0.010
0.096 ± 0.019

0.156 ± 0.027
0.171 ± 0.017
0.167 ± 0.017
0.174 ± 0.014

1.101 ± 0.189
1.420 ± 0.309
1.089 ± 0.079
1.043 ± 0.108

75

20

0.105 ± 0.021

0.093 ± 0.006

0.084 ± 0.005

0.097 ± 0.006

0.184 ± 0.021

1.203 ± 0.177

100

20

0.111 ± 0.014

0.087 ± 0.007

0.101 ± 0.007

0.110 ± 0.015

0.188 ± 0.026

1.022 ± 0.194

* indicates the mean ± standard deviation for five experiments.

Figure 5 shows how the interception storage capacities (Cmx , Cmn ) vary with litter type and rainfall
duration at a constant intensity of 50 mm/h for a given period. As shown, the interception storage
responses to rainfall duration varied among the litter types. The influence of needle-leaf litter was
more evident than that of broadleaf litter. Both the Cmx and Cmn values were highest in the A. holophylla
litter and lowest in the P. strobus litter for the needle-leaf litters, regardless of rainfall duration.
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The averaged Cmx values in the A. holophylla litter varied from 1.67 mm for a 10-min duration
to 2.42 mm for a 30-min duration, while the Cmn values ranged from 1.28 mm to 1.63 mm under the
same rainfall characteristics. There were significant differences in the Cmx and Cmn values between
needle-leaf litters (p < 0.05). However, unlike the needle-leaf litters, the values of Cmx and Cmn in the
Q. acutissima and S. alnifolia litters occurred in the same group (p ≥ 0.05), and those of the Q. variabilis
litter differed from other broadleaf litters. Slight increasing trends were observed in the Cmx and Cmn
values with increasing rainfall for all the broadleaf litters.
The influence of rainfall intensity on interception storage was also examined. Rainfall intensities
of 50, 75, and 100 mm/h were poured for 20 min over various litter covers. As shown in Figure 6,
both Cmx and Cmn increased marginally with increasing rainfall intensity. However, the effect of
rainfall intensity on Cmx was more apparent. As mentioned previously, Cmx is the sum of Cmn and
gravitational flow. Thus, several studies have reported a directly proportional relationship between
Cmn and rainfall intensity [14–16]. The results of this study indicate that a two-fold increase in rainfall
intensity (50 mm/h to 100 mm/h) caused Cmn to increase by 6.5% for the needle litter and 12.7% for the
broadleaf litter.
The effects of rainfall characteristics on litter interception storage were substantial. The extent of
litter interception capacity is mainly dependent on the rainfall amount and its intensity and duration.
The current study demonstrated that a higher intensity or longer duration of rainfall leads to an
increase in the interception storage of the litter layer, which is similar to the findings of Sato et al. [14],
Putuhena and Cordery [15], and others [16,25].

the broadleaf litter.
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25-mm rainfall events (30 min, 50 mm/h and 20 min, 75 mm/h) and 33.3-mm rainfall events (40 min,
50 mm/h and 20 min, 100 mm/h), the drainage of each litter was not significantly different. Table 4 also
indicates that the effects of litter type on drainage were not apparent.
3.4. Water Retention and Drainage Process of the Litter Layer
Figure 7a depicts the lag time for drainage onset under rainfall simulation experiments.
The drainage onset occurred earliest with pine litters and was delayed longest by the A. holophylla litter.
Unlike the needle leaf litter, no significant differences in lag time existed for the broadleaf litter. For the
rainfall experiments with an intensity of 50 mm/h and a 20-min duration, an average lag time of 53.0 s
(equivalent to 0.74 mm) was required for the drainage onset in the A. holophylla litter, followed by
the S. alnifolia litter (51.4 s), Q. variabilis (48.3 s), Q. acutissima litter (48.0 s), P. strobus litter (37.0 s),
and P. rigida litter (35.0 s). As shown in Figure 7a, the lag time varied with litter type, showing a

rainfall).
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The fraction of rainfall that moved through the litter layer as percolation and the litter container’s
weight gradually increased with an increasing rainfall rate. The percolation period was defined as the
time at which the dD
dR curve meets the threshold line. The percolation period lasted for 1.7–4.1 min for
the broadleaf litter, and 1.3–3.3 min for the needle litter (Figure 7b). This period indicates that most
rainfall can be intercepted and retained by the litter layer, although a small portion of rainfall drips off.
The recession coefficient (k) in Equation (2) was analyzed using the interception storage and
drainage relationships. Table 5 displays the best relationships of drainage recession limbs for each
litter type, showing a sufficiently good agreement. The recession coefficients varied from 0.00202 in
the A. holophylla litter to 0.00236 in the S. alnifolia litter, indicating no significant difference between
litter types. Therefore, we propose a practical use recession coefficient of 0.00224 to estimate drainage
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flow from floor litter. Table 5 indicates the absence of a significant difference in the post-rainfall
drainage recession coefficient. This suggests that post-rainfall drainage from the saturated litter layer
is governed by the force of gravity and not litter type.
Table 5. Recession coefficient (k) values of water retention functions.
Litter Type

k

Species

R2

Mean

SD *

Broadleaf litter

Q. variabilis
Q. acutissima
S. alnifolia

0.00229
0.00222
0.00236

0.000237
0.000163
0.000202

0.893
0.935
0.939

Needle-leaf litter

P. strobus
P. rigida
A. holophylla

0.00232
0.00222
0.00202

0.000205
0.000137
0.000168

0.911
0.955
0.911

* indicates the standard deviation.

4. Discussion
4.1. The Influence of Litter Type on Interception Capacity
The amount of intercepted water can be largely attributed to the physical differences across litter
types. Morphologically, broadleaf litters have either oval or elliptical forms and form well-arranged
stacks on the ground surface. Leaf bundles or fascicles are a distinct characteristic of needle-leaf litters.
The number of needles per fascicle differs among tree species. A. holophylla litters comprise flattened
needles that are singly attached around the twig. The P. rigida litter has fascicles of three needles,
while P. strobus litters have five-needle fascicles.
Under the rainfall simulation experiments, Cmx is controlled by the porosity and volume of litter,
and the ability of water to penetrate through the exterior of the litter into the inner pores. Cmn is related
to litter’s physical features such as surface area, arrangement and litter surface [4]. Sato et al. [14]
and others [4] suggested that broadleaf litter stores substantially more water than needle-leaf litter.
No significant differences in the interception storage were established for broadleaf litter. This is due
to the fact that rainwater is mostly retained in the macropores of broadleaf litter when rain pours for a
short period, which is not enough to saturate the litter tissue [10]. Moreover, except for the A. holophylla
litter, broadleaf litter retained more water than needle leaf litter. As shown in Table 2, the lower porosity
of A. holophylla litter contributes to higher storage retention due to the greater resistance of the packed
litter to the vertical movement of water [36,37].
The A. holophylla litter has the advantage of retaining water within the layer due to its exceptionally
accumulated litter structure with a relatively smaller length and lower porosity compared to pine
litter. Thus, the adhesion and surface tension of water molecules are strong on the A. holophylla
layer. Rainfall applied to the A. holophylla litter layer did not disperse sufficiently [14], and the dense
litter mat restricted water movement into the litter layer [38]. The SAV value was approximately
1.6 times greater in A. holophylla litter than in the pine litters. Litter interception storage, in general,
was inversely related to SSA and SAV for the needle-leaf litter. In contrast, SSA and SAV’s influences
were not significant for the broadleaf litter because water was stored on surface pits or leave concavities.
The interception storage was also affected by the thickness of the litter layer [10,15]. This indicates that
interception storage in needle litters is more strongly dependent on physical properties in comparison
to broadleaf litters.
Additionally, the individual litter’s orientation or arrangement can affect the amount of water
retained in the litter layer. For needle litter, the horizontally oriented layer retains more water than the
curved or suspended layer. In this study, litter was horizontally piled in the litter container to ignore
the effect of litter orientation.
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4.2. Litter Drainage Characteristics
It is expected that no drainage occurs until rainfall exceeds the litter layer’s interception storage
capacity. However, drainage from the litter container was observed even at the beginning of the
rainfall (less than 1 min), which is most likely due to quick flow such as the preferential flow through
macropores and bypass flow on the litter container walls. Some rainfall passed quickly through the
litter layer’s macropores or flowed down along the container surface. However, the initial abstraction
process was not fully investigated in this study because the experiment was conducted with a small,
thin-layered litter layer. Nevertheless, initial abstraction is thought to be more considerable in the
forest cover water cycle and thereby warrants further research.
When the rain continued to fall, the rainfall occupied the macropores of the litter layer until the
litter reached saturation. During this period, drainage tended to increase logarithmically because
the litter layer became partly saturated, and gravitational flow occurred under the force of gravity.
Moreover, the timespan for gravitational flow generation is affected by the rainfall intensity and litter
type. In the experiment, the drainage rate was always below the rainfall rate during the wetting phase.
When litter can be completely saturated under long rainfall durations, the average drainage rate
is approximately equal to the rainfall rate. In most cases, the constant drainage rate did not attain a
long duration of rainfall because water absorption into leaf tissues may have accounted for some of
the gradual rainfall loss. The maximum drainage rate was nevertheless defined, as the water was
discharged immediately before rain cessation. This made it possible to define the potential amount of
water that reached the soil layer under various rainfall conditions.
4.3. Limitation and Future Application
We noted several limitations in this study. The rainfall intensities used in the experiments were
relatively high. This led to a decrease in the litter’s retention ability compared to that exposed to
lower-intensity natural rainfall [14]. Furthermore, short rainfall duration caused a lower retention
capacity [25,26], particularly in the A. holophylla litter, because all needles of the litter layer may not have
been wetted. Moreover, experiments were also conducted with a homogeneous litter, yet under natural
conditions, floor litter consists of leaves, branches, and fruits of several trees and plants, rather than a
single species. In natural conditions, lateral flow on inclined surfaces may occur, thereby affecting
percolation and retention [19,23]. However, slope was not considered in the experiments and no
measurements were made of the lateral movement of water. Retention or drainage processes occurring
in the litter layer may be affected by these factors. The litter’s interception capacity is relatively constant
for a specific tree species, but it can vary with geographical location, tree age, or canopy position.
Additional precision can be achieved by enlarging the number of observations to compensate for
variations in both the litter’s physical properties and its water retention ability.
The presence of litter layer on the ground is a characteristic feature of forest soils.
Rainfall interception of litter layer is one of the hydrologic processes in forest watersheds. The changes
in water stored within the floor litter is determined by summing direct rainfall as throughfall, drip from
the foliage, stems, and branches, lateral flow out of the layer, and percolation from the litter layer
into the upper soil layer. In addition, Cmn corresponds to the threshold value of percolation through
the litter layer, which controls the litter drainage during rainfall events. Leaf litter, characterized by
the interception storage and drainage capacity here, are important in determining what happens in
forest floors and examining how the vegetation influences the hydrologic cycle of forested watersheds.
However, there have been few attempts to develop the hydrologic models regarding the interception
storage-drainage relationship of floor litter [33,37] because the knowledge of the process has not
yet been fully explored [27]. Here, we presented the simplified rainfall-interception relationship of
floor litter with the rainfall simulation experiments, but more research is needed to overcome the
above-mentioned drawbacks.
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5. Conclusions
Floor litter plays an essential role in forest hydrological cycles by capturing a fraction of rainfall
and evaporating it into the atmosphere. During a short period of rainfall events, litter’s water retention
ability may be affected by the physical properties of the litter, amount of litter, and rainfall characteristics.
In this study, rainfall simulation experiments were conducted to experimentally explore the influences
of litter type and rainfall patterns on water retention and drainage in the litter layer. Three types of
broadleaf and needle-leaf litters were investigated to demonstrate how the litter’s physical features
can influence the rainfall interception process.
The interception storage capacity of needle litters varied significantly with the litter type.
The A. holophylla litter showed the highest values for the maximum and minimum interception
storage regardless of the rainfall intensity and duration. Moreover, small A. holophylla litter retained
more water than the other litters owing to its much lower thickness and porosity. No significant
differences in interception storage existed across the broadleaf litter types. Rainfall interception of
broadleaf litter occurred on the surface storage of horizontal or sub-horizontal leaves, particularly in
concavities. It was also revealed that the amount of water retained by litter is a function of the intensity
and duration of rainfall. A higher intensity or longer duration of rainfall events can increase the
interception storage capacity of litter on all broadleaf and needle-leaf litters.
The amount of rainfall available for initial abstraction and percolation in the litter layer varied
according to litter type and rainfall pattern. However, after rainfall cessation, the recession limbs did
not vary significantly according to litter type and rainfall characteristics. This implies that the force of
gravity is the primary factor governing post-rainfall drainage from the saturated litter layer.
Author Contributions: Conceptualization, Q.L. and S.I.; methodology, Q.L. and Y.E.L.; software, Q.L.;
validation, Q.L., Y.E.L. and S.I.; formal analysis, Q.L.; investigation, Y.E.L.; data curation, Q.L.; writing—original
draft preparation, S.I.; writing—review and editing, Q.L. and S.I.; visualization, Q.L.; supervision, S.I. All authors
have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.
Acknowledgments: This study was carried out with the support of R&D Program for Forest Science Technology
(Project No. 2020185B10-2022-AA02) provided by Korea Forest Service (Korea Forestry Promotion Institute).
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

3.

4.
5.
6.
7.

8.

Horton, R.E. Rainfall Interception. Mon. Weather. Rev. 1919, 47, 603–623. [CrossRef]
Gentilli, J.; Kittredge, J. Forest Influences: The Effects of Woody Vegetation on Climate, Water, and Soil, with
Applications to the Conservation of Water and the Control of Floods and Erosion. Geogr. Rev. 1949, 39, 164.
[CrossRef]
Gerrits, A.M.J.; Savenije, H.H.G. Forest floor interception. In Forest Hydrology and Biogeochemistry: Synthesis
of Past Research and Future Direction, 1st ed.; Levia, D.F., Carlyle-Moses, D., Tanaka, T., Eds.; Springer:
Heidelberg, Germany, 2011; pp. 445–454.
Walsh, R.P.D.; Voigt, P.J. Vegetation Litter: An Underestimated Variable in Hydrology and Geomorphology.
J. Biogeogr. 1977, 4, 253. [CrossRef]
Savennije, H.H.G. The importance of interception and why we should delete the term evapotranspiration
from our vocabulary. Hydrol. Process. 2004, 18, 1507–1511. [CrossRef]
Crockford, R.; Richardson, D. Partitioning of rainfall into throughfall, stemflow and interception: Effect of
forest type, ground cover and climate. Hydrol. Process. 2000, 14, 2903–2920. [CrossRef]
Li, X.; Xiao, Q.; Niu, J.; Dymond, S.; McPherson, E.G.; Van Doorn, N.; Yu, X.; Xie, B.; Zhang, K.; Li, J. Rainfall
interception by tree crown and leaf litter: An interactive process. Hydrol. Process. 2017, 31, 3533–3542.
[CrossRef]
Hoover, M.D.; Lunt, H.A. A Key for the Classification of Forest Humus Types. Soil Sci. Soc. Am. J. 1952, 16, 368.
[CrossRef]

Water 2020, 12, 3145

9.
10.
11.
12.
13.
14.
15.
16.
17.
18.

19.
20.
21.
22.
23.

24.
25.
26.
27.
28.

29.
30.
31.

32.

15 of 16

Helvey, J.D. Rainfall interception by hardwood forest litter in the southern Appalachians. In US Forest Service
Research Paper SE-8; USDA Southeastern Forest Experimental Station: Asheville, NC, USA, 1964.
Helvey, J.D.; Patric, J.H. Canopy and litter interception of rainfall by hardwoods of eastern United States.
Water Resour. Res. 1965, 1, 193–206. [CrossRef]
Tsiko, C.; Makurira, H.; Gerrits, A.M.J.; Savenije, H.H.G. Measuring forest floor and canopy interception in a
savannah ecosystem. Phys. Chem. Earth Parts A/B/C 2012, 47, 122–127. [CrossRef]
Naeth, M.A.; Bailey, A.W.; Chanasyk, D.S.; Pluth, D.J. Water Holding Capacity of Litter and Soil Organic
Matter in Mixed Prairie and Fescue Grassland Ecosystems of Alberta. J. Range Manag. 1991, 44, 13. [CrossRef]
Reynolds, J.F.; Knight, D.H. Magnitude of snowmelt and rainfall interception by litter in lodgepole pine and
spruce-fir forests in Wyoming. Northwest Sci. 1973, 47, 50–60.
Sato, Y.; Kumagai, T.; Kume, A.; Otsuki, K.; Ogawa, S. Experimental analysis of moisture dynamics of litter
layers?the effects of rainfall conditions and leaf shapes. Hydrol. Process. 2004, 18, 3007–3018. [CrossRef]
Putuhena, W.M.; Cordery, I. Estimation of interception capacity of the forest floor. J. Hydrol. 1996, 180,
283–299. [CrossRef]
Keim, R.F.; Skaugset, A.; Weiler, M. Storage of water on vegetation under simulated rainfall of varying
intensity. Adv. Water Resour. 2006, 29, 974–986. [CrossRef]
Rosalem, L.M.P.; Wendland, E.; Anache, J.A.A. Understanding the water dynamics on a tropical forest litter
using a new device for interception measurement. Ecohydrology 2018, 12, e2058. [CrossRef]
Bulcock, H.H.; Jewitt, G. Field data collection and analysis of canopy and litter interception in commercial
forest plantations in the KwaZulu-Natal Midlands, South Africa. Hydrol. Earth Syst. Sci. 2012, 16, 3717–3728.
[CrossRef]
Zhao, L.; Hou, R.; Fang, Q. Differences in interception storage capacities of undecomposed broad-leaf and
needle-leaf litter under simulated rainfall conditions. For. Ecol. Manag. 2019, 446, 135–142. [CrossRef]
Brye, K.R.; Norman, J.M.; Bundy, L.G.; Gower, S.T. Water-Budget Evaluation of Prairie and Maize Ecosystems.
Soil Sci. Soc. Am. J. 2000, 64, 715–724. [CrossRef]
Price, J.; Rochefort, L.; Quinty, F. Energy and moisture considerations on cutover peatlands: Surface
microtopography, mulch cover and Sphagnum regeneration. Ecol. Eng. 1998, 10, 293–312. [CrossRef]
Talhelm, A.F.; Smith, A.M. Litter moisture adsorption is tied to tissue structure, chemistry, and energy
concentration. Ecosphere 2018, 9, 02198. [CrossRef]
Guevara-Escobar, A.; González-Sosa, E.; Véliz-Chávez, C.; Ventura-Ramos, E.; Ramos-Salinas, M. Rainfall
interception and distribution patterns of gross precipitation around an isolated Ficus benjamina tree in an
urban area. J. Hydrol. 2007, 333, 532–541. [CrossRef]
Bernard, J.M. Forest Floor Moisture Capacity of the New Jersey Pine Barrens. Ecology 1963, 44, 574–576.
[CrossRef]
Li, X.; Niu, J.; Xie, B. Study on Hydrological Functions of Litter Layers in North China. PLoS ONE 2013, 8, e70328.
[CrossRef] [PubMed]
Xiao, Q.; McPherson, E.G. Surface Water Storage Capacity of Twenty Tree Species in Davis, California.
J. Environ. Qual. 2016, 45, 188–198. [CrossRef]
Guevara-Escobar, A.; Gonzalez-Sosa, E.; Ramos-Salinas, M.; Hernandez-Delgado, G.D. Experimental analysis
of drainage and water storage of litter layers. Hydrol. Earth Syst. Sci. 2007, 11, 1703–1716. [CrossRef]
Carlyle-Moses, D.E.; Gash, J.H.C. Rainfall interception loss by forest canopies. In Forest Hydrology and
Biogeochemistry: Synthesis of Past Research and Future Directions; Levia, D.F., Carlyle-Moses, D.E., Tanaka, T., Eds.;
Springer: New York, NY, USA, 2011; pp. 407–423.
Fernandes, P.; Rego, F. A New Method to Estimate Fuel Surface Area-to-Volume Ratio Using Water Immersion.
Int. J. Wildland Fire 1998, 8, 121–128. [CrossRef]
Levia, D.F.; Hudson, S.A.; Llorens, P.; Nanko, K. Throughfall drop size distributions: A review and prospectus
for future research. Wiley Interdiscip. Rev. Water 2017, 4, e1225. [CrossRef]
Kang, M.-S.; Hong, J.-W.; Bong, H.-Y.; Jang, H.-M.; Choi, M.; Jang, Y.-H.; Cheon, J.-H.; Kim, J. On Estimating
Interception Storage Capacity of Litter Layer at Gwangneung Deciduous Forest. Korean J. Agric. For. Meteorol.
2011, 13, 87–92. [CrossRef]
Wang, H.; Van Eyk, P.J.; Medwell, P.R.; Birzer, C.H.; Tian, Z.F.; Possell, M.; Huang, X. Air Permeability of the
Litter Layer in Broadleaf Forests. Front. Mech. Eng. 2019, 5, 53. [CrossRef]

Water 2020, 12, 3145

33.
34.
35.
36.
37.
38.

16 of 16

Dunkerley, D. Percolation through leaf litter: What happens during rainfall events of varying intensity?
J. Hydrol. 2015, 525, 737–746. [CrossRef]
Fay, M.P.; Proschan, M.A. Wilcoxon-Mann-Whitney or t-test? On assumptions for hypothesis tests and
multiple interpretations of decision rules. Stat. Surv. 2010, 4, 1–39. [CrossRef]
Zagyvai-Kiss, K.A.; Kalicz, P.; Szilagyi, J.; Gribovszki, Z. On the specific water holding capacity of litter for
three forest ecosystems in the eastern foothills of the Alps. Agric. For. Meteorol. 2019, 278, 107656. [CrossRef]
Bristow, K.; Campbell, G.; Papendick, R.; Elliott, L. Simulation of heat and moisture transfer through a
surface residue—Soil system. Agric. For. Meteorol. 1986, 36, 193–214. [CrossRef]
Bussière, F.; Cellier, P. Modification of the soil temperature and water content regimes by a crop residue
mulch: Experiment and modelling. Agric. For. Meteorol. 1994, 68, 1–28. [CrossRef]
Warning, R.H.; Rogers, J.J.; Swank, W.T. Water relation and hydrologic cycles. In Dynamic Properties of Forest
Ecosystem; Reichle, D.E., Ed.; Cambridge University Press: New York, NY, USA, 1982; pp. 205–264.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

