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Abstract: The water retention capacity of forest leaf litter was estimated through lysimeter measure-
ments under field conditions. Six lysimeters were placed in Pinus koraiensis and Quercus acutissima
forests and filled with the surrounding leaf litter to represent the effects of litter type on the water
retention capacity. Two years of measurements for rainfall and litter weight have been conducted in
all lysimeters at 30 min intervals. Field measurements showed that P. koraiensis litter stored more
water during rainfall periods than did Q. acutissima litter. As a result, immediately after the cessation
of rainfall, 1.82 mm and 3.00 mm of water were retained per unit mass of Q. acutissima and P. koraiensis
litter, respectively. Following rainfall, after the gravitational flow had entirely drained, the remaining
water adhered to the litter was estimated to be 1.66 ± 1.72 mm and 2.72 ± 2.82 mm per unit mass
per rainfall event for Q. acutissima and P. koraiensis litter, respectively. During the study period,
approximately 83.7% of incident rainfall drained into the uppermost soil layer below the Q. acutissima
litter, whereas 84.5% of rainfall percolated through the P. koraiensis litter. The moisture depletion
curves indicated that 50% of the water retained in the Q. acutissima and P. koraiensis litter was lost via
evaporation within 27 h and 90 h after the cessation of rainfall, respectively. This study demonstrated
the water retention storage of leaf litter and its contribution to the water balance over floor litter
according to litter and rainfall characteristics. The results also proved that lysimetry is a reliable
method to quantify the variation of litter moisture under natural conditions.

Keywords: litter lysimeter; water retention capacity; litter drainage; Pinus koraiensis litter; Quercus
acutissima litter

1. Introduction

Forests occupy approximately 63% of the land area of the Republic of Korea. The
national forest restoration project led to an increase in the volume of forests from 7.3 m3/ha
in 1955 to 165.2 m3/ha in 2020 [1], thereby contributing to the development of a thick layer
of leaf litter on the forest floors. Fallen leaves resting on the underlying mineral soil are
the source of most plant nutrients and provide habitats for a great diversity of organisms.
Hydrologically, leaf litter on the forest floor acts as a porous interface between mineral soil
and ambient air and influences the processes of subsurface runoff, overland flow, and soil
erosion [2,3]. Leaf litter also influences the physical properties of soils, thereby increasing
the ability of water to infiltrate into the soil [2,4].

Rainfall partitioning occurring on the forest floor is a minor but fundamental com-
ponent of the water balance in forest watersheds [4]. A small amount of rainwater is
temporarily captured by the surface of leaf litter, and the retained water is lost via evapora-
tion within a few hours or days after the rainfall. When the amount of intercepted water
exceeds the threshold, known as the water retention capacity, water percolates into the
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soil along litter funnels under the influence of gravity [2,5]. These hydrological processes
repeatedly occur during successive rainfall events.

Leaf litter intercepts rainfall much in the same way as canopy interception. The
extent of rainfall retained in the litter layer is highly related to the litter’s ability of water
absorption. Where water retention storage is small, less water is available for evaporation,
but more water reaches the upper soil layer for runoff. Water retention capacity also plays
a major role in predicting the ignition and spread rate of forest fires [2–4].

The water retention capacity of litter differs among leaf types [6–8]. Owing to the
large size and curved shape of the leaves, broadleaf litter has an advantage in storing water
on the leaf surface during rainfall [9]. Conversely, the low porosity of the needle shape of
coniferous litter contributes to high water retention within the litter as a consequence of the
greater resistance of the packed litter to the percolation of water [10]. Considerably more
water is required to completely saturate thicker needle litter [11] before it moves into the
soil underneath.

Numerous attempts have been made to continuously measure the water retention
storage of floor litter over the past couple of decades. According to Helvey and Patric [11],
these methods may categorize into laboratory and field experiments. A detailed review of
measuring techniques can be found in Gerrits and Savenije [12].

Several laboratory experiments have been conducted to analyze the water dynamics
of leaf litter as it relates to retention and drainage capacity [9,10,13,14]. These experiments
have provided a reliable estimation; however, accuracy is limited by several factors. First,
the hydrologic response of leaf litter under simulated rainfall in a lab likely differs from
that under real incidents of rainfall. Further, inconsistencies in data from natural rainfall
events can be attributed to spatial and temporal variations, which would not occur in a lab
setting. In addition, the relatively short duration and high intensity of artificial rainfall in
laboratory studies cannot completely saturate the leaf accumulation, thereby leading to
low measurements of water retention capacity [10], which may be inaccurate.

To overcome some of the drawbacks of laboratory experiments, field lysimeters have
recently been employed in experimental forest hydrology. This device was designed to
measure the weight of the litter within a certain time interval. Schaap and Bouten [15]
developed a concrete lysimeter equipped with a load cell sensor. The present study is
based on a field experiment conducted by Gerrits et al. [16], similar to that of Schaap and
Bouten [15], to measure the weight of the litter layer. Lysimetric techniques are scalable
and suitable for directly quantifying the water budget of a forest floor through changes in
litter weight over the shortest intervals, but the challenges of using this tool include high
manufacturing and operational costs [17].

Forests can retain a significant amount of rainfall via foliage, branches, stems, and
leaf litter. Although the litter layer can store only a few millimeters of water, water
absorption and depletion processes of litter can result in a considerable reduction of rainfall
reaching to soil surface. However, the role of litter on rainfall interception and retention
remains unclear and may even be disregarded in many hydrological studies because it is
commonly considered a minor process and has practical difficulties in making accurate
measurements [8,13]. Therefore, an accurate understanding of how rainfall is partitioned
over the floor litter can provide a better perspective on rainfall interception and evaporation
processes.

The objectives of this study were to measure the water stored in the litter layer under
natural conditions and to examine the effects of litter type and rainfall amount on the
water balance of the litter layer. In this study, six lysimeters were placed in deciduous
and coniferous forests, and litter weight was measured during the experimental period.
The reliable estimation of water retention capacity can contribute to understanding the
hydrologic processes of the forest floor litter layer and can be utilized to predict fire ignition
potential based on fuel moisture variation.
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2. Materials and Methods
2.1. Study Area

This study was conducted between November 2015 and November 2017 in the Mt.
Taehwa University Forest (TUF) of Seoul National University, located approximately 30 km
southeast of the Seoul capital area (N37◦18′–20′, E127◦17′–20′) (Figure 1). The TUF en-
compasses a 796-ha mountain forest at a latitude ranging from 150 m to 644 m above
sea level. The climate of the TUF is characterized as temperate, with hot wet summers
and cold dry winters. The mean monthly temperature ranges from −3.3 ◦C in January
to 25.2 ◦C in August, according to the most recent 30-year data (1991–2020). The mean
annual precipitation is 1308 mm, most of which falls in the summer season between June
and September [18].
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Figure 1. Locations of lysimeters in the Mt. Taehwa University Forest (TUF), Korea.

The TUF comprises 496 ha of natural deciduous forest and 300 ha of the coniferous
plantation, with the remaining being composed of mixed forest. The dominant tree species
in the deciduous forest include Quercus acutissima, Quercus variabilis, and Quercus mongolica,
and the plantation forest comprises Pinus koraiensis and Larix kaempferi. The bedrock
underneath the TUF is composed largely of weathered granite, and the soil texture is
primarily sandy loam according to USDA classification. There has been no record of fire in
the TUF over the last few decades. A detailed description of the TUF is provided by Im
et al. [19].

2.2. Data Collection

Field lysimeters were used to measure the amount of water retained in the litter layer
within each forest (Figure 2). The lysimeter comprises an aluminum container, a steel
frame, a load cell, and a data storage device. The square litter container has a surface
area of 1 m2 with a permeable wire mesh bottom that allows excess water to drain easily
into the underlying soil. Four load cells (BCL-5L, CAS, Korea) were embedded between
the container and the steel frame to measure the container weight at 1 min intervals. The
container weight, recorded in grams, was averaged over 30 measurements to calculate the
variation in litter weight every 30 min.

Each lysimeter was placed in a gap area where other species or understory vegetation
were completely absent and filled with the surrounding leaf litter. Three lysimeters, TBK1,
TBK2, and TBK3, were located in Q. acutissima forest, while three, TCK1, TCK2, and
TCK3, were placed in P. koraiensis plantation forest that was planted in 1964 (Figure 1). A
description of each forest is presented in Table 1. The broadleaf litter lysimeters were set up
in a 34-year-old Q. acutissima forest with an average tree diameter (n = 12) at breast height
(DBH) of 24.1 ± 8.5 cm (mean ± std. dev) and an average tree height of 13.6 ± 3.3 m. The
needle litter lysimeters were set up in a P. koraiensis plantation with an average DBH of
33.2 ± 4.5 cm and an average tree height of 18.4 ± 1.5 m.
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Table 1. Tree and leaf litter characteristics.

Forest

Tree Sample (n = 12) Leaf Sample

Tree
Species

DBH
(cm)

Height
(m) n Length

(mm)
Width
(mm)

Dry
Weight
(kg/m2)

Deciduous Q. acutissima 24.1 ± 8.5 13.6 ± 3.3 67 155.1 ± 22.0 41.2 ± 7.5 0.09 ± 0.02
Coniferous P. koraiensis 33.2 ± 1.5 18.4 ± 1.5 600 84.9 ± 16.1 0.8 ± 0.1 0.18 ± 0.02

The physical characteristics of the leaf litter used in the lysimeter experiment are also
presented in Table 1. The uneven distribution of leaf size and shape can influence the
water retention capacity of the leaf litter [9,10]. Therefore, samples of litter in 10 locations
near each lysimeter were collected in a zipper storage bag and immediately moved to the
laboratory for analysis. Surface area parameters of the litter were extracted from scanned
image data using the LeafArea R package [20]. Litter samples were put into a drying oven
for 24 h to obtain the oven-dry weight. Similar to the characteristics of most Q. acutissima,
individual leaves in the deciduous samples tended to be broad and round-tooth shaped,
and they were, on average, 155.1 ± 22.0 mm long and 41.2 ± 7.5 mm wide at their widest
point. The leaves in the P. koraiensis litter samples had a noticeably needle-shaped surface,
with an average length of 84.9 ± 16.1 mm. The oven-dry weight of Q. acutissima litter was
lower than that of P. koreiensis litter.

Prior to weighing the lysimeters, all lysimeter containers were filled with fallen leaves,
which were obtained from random locations in the study area with as little disturbance to
their accumulation as possible. Litter load in each lysimeter approximately corresponded
to the litter accumulated on a 1 m × 1 m area adjacent to each lysimeter location. The
undecomposed litters were carefully collected on the ground surface, avoiding leaves with
obvious symptoms of pathogen or herbivore attack or with a decomposed entity. After
litter collection, decomposed organic matter and twigs were manually removed prior to
piling the litter in the lysimeter container.

The water retention capacity of leaf litter can be assessed per unit of dry weight. The
oven-drying method is the simplest and most commonly adopted technique for deter-
mining the oven-dried weight of the litter; however, as this direct measurement requires
destructive sampling, we decided not to utilize it in this study to maintain an intact litter
structure as much as possible. Alternatively, the dry weight of litter samples was indirectly
estimated by multiplying the air-dried litter weight by the ratio of the weights of air-dried
and oven-dried litter, which were obtained from the 10 litter samples collected near each
lysimeter. Table 2 shows the variation in litter weight within the forest, which may be
attributed to the varying thickness and consolidation of litter accumulation.
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Table 2. Characteristics of rainfall and leaf load at each lysimeter location.

Lysimeter

Litter Load (kg/m2) 1 Rainfall Data

Air-Dried Oven-Dried No. Event Amount
(mm)

Duration
(h)

Intensity 2

(mm/h)

TBK1 1.42 1.26 99 9.19 ± 13.99 5.14 ± 5.46 3.54 ± 4.77
TBK2 0.62 0.55 70 9.68 ± 14.59 5.55 ± 5.64 3.55 ± 4.96
TBK3 1.52 1.36 85 11.76 ± 19.90 5.91 ± 6.07 4.17 ± 5.77

TCK1 0.94 0.58 91 13.06 ± 22.36 6.88 ± 7.72 3.70 ± 5.79
TCK2 0.75 0.46 80 11.57 ± 22.13 5.36 ± 5.58 4.22 ± 6.58
TCK3 1.40 0.86 87 12.55 ± 24.65 5.32 ± 6.02 4.49 ± 7.03

1 Weight of litter piled in the lysimeter container; 2 1-h maximum intensity for a rainfall event.

Gross rainfall was measured at KoFlux towers that were located in an open field
adjacent to each site (approximately 100 m from each site). The characteristics of the rainfall
events between November 2015 and November 2017 are presented in Table 2. Some of the
observations were missing values owing to equipment failures, power outages, or severe
weather conditions. Therefore, 99 rainfall events were selected for TBK1, 70 for TBK2,
and 85 for TBK3. In the coniferous forest, 91, 80, and 87 rainfall events were used for the
analyses of TCK1, TCK2, and TCK3, respectively. Evaporation was derived from the eddy
covariance flux measurements of the KoFlux towers. A more detailed explanation of the
eddy covariance method can be found in Kang et al. [21].

2.3. Estimation of Water Balance Parameters

To understand the hydrologic behavior of leaf litter, the water retention capacity and
free drainage were estimated from lysimeter measurements. The term retention capacity
refers to the ability of the leaf litter surface to store water and is expressed by the maximum
and minimum retention [9,10]. The maximum retention is the maximum volume of water
held on the litter during a rainfall event, and this value is obtained just before the rainfall
stops. The minimum retention is quantified as the amount of water stored in the leaf litter
after drainage (or gravitational flow) completely ceases. This value represents the inherent
ability of litter to retain water owing to surface tension and adhesive force [10,13].

The water retained in the litter layer was later depleted via evaporation after rainfall,
which was characterized by a litter moisture depletion curve [10]. The depletion curve
is the lower part of the falling limb of a litter moisture curve and provides the length of
time required to achieve a certain weight of litter moisture, assuming no further rainfall.
Litter moisture depletion is a drying process that can be expressed as a simple exponential
form [10,22],

St = Smxe−at = Smxkt (1)

where St is the retention storage at time t (mm), Smx is the maximum retention storage
after the cessation of rainfall (mm), t represents the elapsed time (h), and k is the depletion
constant (=e−a).

The depletion constant k represents the time-dependent decline of litter moisture and
determines the line of best fit through litter moisture measurements with time. The drying
of litter did not occur in a uniform manner across the experiments. Thus, a representative
k value for each litter type was obtained by averaging over all rainfall events.

As no drainage data were available in this study, drainage outflow from the litter layer
was indirectly determined from the difference in litter weight over a duration of 30 min.
During a rainfall event, evaporation typically occurs at a rate of 0.1 to 0.5 mm/h because the
ambient air near the litter surface is closely saturated [23,24]. Therefore, evaporation loss
can be disregarded in the calculation of free drainage during rainfall. During the rainfall
period, the free drainage for a duration of 30 min can be calculated as follows:

Dt = Rt − ∆St, where ∆St = St − St−1 (2)
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where Dt and Rt are the amounts of water in the litter drainage and rainfall at time t
(mm/30 min), respectively. ∆St implies the change in litter moisture for a duration of 30 min.

When the rain ceases, the evaporation process gradually recovers. Therefore, drainage
can be estimated as follows:

Dt = ∆St − Et, for ∆St > Et (3)

Dt = 0, for ∆St ≤ Et (4)

where Et is the amount of evaporative loss for a duration of 30 min (mm/30 min).

2.4. Statistical Analysis

Tests for normality must be checked before full statistical analysis can be conducted.
Because the data didn’t follow normal distribution due to high skewness and heteroge-
neous variance, differences among treatments were tested using the Kruskal–Wallis test.
Bonferroni correction was also applied to minimize the alpha inflation when assessing the
treatment effects. Two litter types were designed in this study to evaluate the effects of
litter and rainfall on the water retention capacity with three lysimeters. Differences were
considered statistically significant at p < 0.05. All statistical analyses were performed using
the R statistical package, version 4.2.0 (22 April 2022) [25].

3. Results
3.1. Water Retention Capacity of Leaf Litter

The water retention capacity of the leaf litter was estimated from the litter lysime-
ter measurements and is presented in Table 3. For the entire period of measurement
(Table 2), the maximum retention capacity (mean ± std. dev) of the Q. acutissima litter
(1.69 ± 1.28 mm for TBK1, 1.46 ± 1.33 mm for TBK2, and 1.67 ± 1.57 mm for TBK3) was
equivalent to 3.07 ± 2.23, 1.16 ± 1.06, and 1.23 ± 1.16 mm per unit litter mass (kg/m2), re-
spectively. The maximum retention capacity in the P. koraiensis litter (1.75 ± 1.79 mm
for TCK1, 1.90 ± 1.79 for TCK2, and 2.01 ± 1.99 mm for TCK3) was equivalent to
2.04 ± 2.08 mm, 4.13 ± 3.89 mm, and 3.46 ± 3.42 mm per unit litter mass (kg/m2), re-
spectively, which was higher than that of the Q. acutissima leaf litter. This demonstrated
that more rainfall was retained in needle litter than in broadleaf litter, regardless of rainfall
amount, and this result was consistent with the finding of Li et al. [10]. Maximal water
retention depends on the development of free drainage in the litter layer during rainfall
events [9]. Needle litter forms an extremely dense accumulation that obstructs the disper-
sion and percolation of rainfall. However, in broadleaf litter such as that of Q. acutissima,
biomat flow can be developed in the litter layer that allows water to move laterally and
vertically [26].

Table 3. Water retention in leaf litter per rainfall event.

Lysimeter Maximum Retention
Storage (mm)

Minimum Retention
Storage (mm)

TBK1 1.69 ± 1.28 1.46 ± 1.21
TBK2 1.46 ± 1.33 1.35 ± 1.32
TBK3 1.67 ± 1.57 1.56 ± 1.47

TCK1 1.75 ± 1.79 1.58 ± 1.75
TCK2 1.90 ± 1.79 1.89 ± 1.74
TCK3 2.01 ± 1.99 1.97 ± 1.90

In contrast to the previous laboratory experiments, where gravitational water was
readily drained within a short period (approximately 30 min) after rainfall cessation [9,10],
this in situ study demonstrated that water continued to drain out of litter samples beyond
30 min after rainfall ended. Therefore, the lowest, nearly asymptotic water retention was
considered in this study as the minimum retention [10]. The minimum retention varied,
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ranging from 1.35 ± 1.32 mm (TBK2) to 1.56 ± 1.47 mm (TBK3) in broadleaf litter and
from 1.58 ± 1.75 mm (TCK1) to 1.97 ± 1.90 mm (TCK3) in needle litter. The average values
of minimum retention were 1.66 mm and 2.72 mm per unit mass for Q. acutissima and
P. koraiensis litters, respectively. No significant differences were observed in retention among
the groups with different litter weights (p = 0.1912); however, a statistically significant
difference was observed between litter types (p < 0.01).

According to previous studies [9,10], the water retention capacity of litter depends on
litter mass, regardless of its thickness. The relationship between retention and litter mass
is shown in Figure 3. The coefficients of determination for linear relationship were also
presented in Figure 3, implying a measure of how well linear regression represents the
measurements. As expected, both the maximum and minimum retention values increased
linearly as litter mass increased. The maximum retention value increased considerably in
the P. koraiensis litter, whereas it tended to change only slightly in the Q. acutissima litter.
As shown in Figure 3, all lysimeter measurements presented a linear relationship between
minimum retention and litter mass, with slope coefficients of 0.187 for Q. acutissima and
0.399 for P. koraiensis litter. This implies that a stronger adhesive force, which can resist the
vertical movement of pore water, exists among the elements of the needle litter compared
to that of the broadleaf litter. The difference in maximum water retention between litter
types was small because it is controlled by rainfall intensity. Unlike the maximum retention
values, the minimum retention values exhibited high variability between litter types. There
were significant differences in both maximum and minimum retention storages between
broadleaf and needle litters (p < 0.01).
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As shown in Figure 4, the high variability in the minimum retention capacity within
litter type was likely due to natural variability in rainfall intensity and duration. The
minimum retention capacity as a percentage of rainfall could be as high as 80% during light
rainfalls (<10 mm), and it became no more than 20% in cases where rainfall amount was
>30 mm. The minimum retention capacity of broadleaf litter was higher than that of needle
litter for light rainfall events (<20 mm) but could be low for heavy rainfalls. Broadleaf litter
can easily capture water with large, curve-shaped surfaces when rainfall does not exceed
the storage capacity [9,10]. Compared to Q. acutissima litter, P. koraiensis litter formed a
relatively dense barrier layer owing to its smaller physical dimensions and lower porosity.
Thus, the strong adhesion and surface tension of water molecules in the P. koraiensis layer
caused a reduction in water movement through the litter layer for heavy rainfalls [10].
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The percentage of rainfall retained by litter decreased as rainfall amount increased. The
logarithmic relationship between retention capacity and rainfall for broadleaf (Equation (5))
and needle (Equation (6)) litter can be expressed as:

Log(Smn) = 3.461− 0.043 Rtot (mm)
(

R2 = 0.600
)

(5)

and
Log(Smn) = 3.173− 0.027 Rtot (mm)

(
R2 = 0.407

)
, (6)

respectively, where log(Smn) is the natural log of the minimum water retention (%) and Rtot
is the total amount of rainfall (mm). The derived relationships between water retention and
rainfall amount were statistically significant (p < 0.01) and had residual standard errors of
1.159 and 0.604 for the broadleaf and needle litters, respectively.

For heavy rainfall with a long duration, the retention capacity reaches the potential
value regardless of rainfall amount because the initial abstraction by litter is satisfied, and
litter can be completely saturated. Figure 4 shows the upper boundary of the minimum
retention value under natural conditions. The upper envelope curve (Figure 4) was fitted
using the Aston curve [25]. The potential values of minimum retention per unit mass
(kg/m2) can be expressed as follows,

Smn,p = 14.705
(

1− e−0.081Rtot
)

for needle litter (7)

Smn,p = 8.226
(

1− e−0.173Rtot
)

for broadleaf litter (8)

respectively, where Smn,p is the potential (maximum) values of minimum retention per unit
mass of litter (mm/kg/m2).

The minimum retention value increased exponentially with light rainfall but ap-
proached asymptotic boundaries when rainfall exceeded 30 mm. This phenomenon was
similar to the findings of Sato et al. [9], Li et al. [10], and others [27]. Light rainfall produced
greater retention potential in broadleaf litter than in needle litter. The influence of rainfall
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on retention capacity was not significant in heavy rainfall events, although the capacity
slightly increased as rainfall increased. Figure 4 indicates that the upper envelope for
minimum retention was 8.226 mm per unit mass for Q. acutissima litter and 14.705 mm for
P. koraiensis litter.

3.2. Litter Moisture Depletion Curve

In this study, a moisture depletion curve was plotted for each litter type. As shown in
Figure 5, a simple exponential relationship was observed in the water depletion curve of
the leaf litter, implying that average k values for broadleaf and needle litters were 0.975 and
0.991, respectively.
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The litter drainage led to the decline in litter moisture content immediately after rain
stopped, and as time elapsed, water absorbed by the litter asymptotically approached the
minimum retention value of the litter. Figure 5 shows that half of the water retained in the
Q. acutissima litter was depleted within approximately 1.1 days (27 h) after the cessation
of rainfall. Over 3.8 days (90 h), the remaining moisture was slowly extracted from the
Q. acutissima litter layer, which then reached approximately 10% of its maximum retention
value. Water depletion in P. koraiensis litter followed a similar pattern to that in the broadleaf
litter, depleting 50% and 90% of its maximum retention value within 3.4 days (80 h) and
11.2 days (268 h), respectively.

3.3. Water Balance Analysis for Rainfall Periods

This study revealed an increase in litter weight due to water retention and a decrease
due to evaporation loss. The water balance for rainfall periods was analyzed, and the
total rainfall was partitioned into litter retention, evaporation loss, and free drainage, as
presented in Table 4. Because there were no significant differences among lysimeters within
litter type, the average values across three lysimeters within each litter type were calculated.
Regardless of rainfall amount, approximately 83.7% of incoming rainfall drained from
the Q. acutissima litter into the uppermost soil layer, whereas 84.5% of rainfall percolated
through the P. koraiensis litter.
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Table 4. Water balance analysis for rainfall periods.

Lysimeter
Rainfall Water Evaporation Litter

Amount (mm) 1 Retention (mm) Loss (mm) Drainage (mm)

TBK1 836.0 103.3 (12.4%) 2 51.9 (6.2%) 680.8 (81.4%)
TBK2 774.6 84.9 (11.0%) 33.5 (4.3%) 656.2 (84.7%)
TBK3 1023.3 103.2 (10.1%) 52.3 (5.1%) 867.8 (84.8%)

TCK1 1292.5 166.3 (12.9%) 25.5 (2.0%) 1100.7 (85.2%)
TCK2 809.8 120.8 (14.9%) 12.2 (1.5%) 676.8 (83.6%)
TCK2 1066.8 152.4 (14.3%) 14.4 (1.3%) 900.0 (84.4%)

1 Rainfall events used for lysimeter measurements are included; 2 Parentheses indicate the portion of rainfall
amount.

After litter drainage was complete, the remaining water retained in the litter layer was
available for evaporation or retention. Evaporation losses during the depletion periods
accounted for 5.2% of total rainfall in the broadleaf litter layer and 1.6% in the needle litter
layer. Naturally, some retained water was not entirely lost via evaporation and contributed
to the antecedent moisture of the litter for subsequent rainfall events. When lysimeter
measurements were considered, the portion of total rainfall retained within the litter layer
after the completion of litter drainage was 11.1% in the Q. acutissima litter and 14.0% in the
P. koraiensis litter.

This was attributable to the physical properties of the litter, as reported in previous
studies [10,28]. A horizontally oriented and densely compacted needle litter layer retains
more water than curved and loosely compacted broadleaf litter layer. However, a relatively
stronger adhesion and surface tension in needle litter can resist the evaporation of water
from the litter surface and consequently enhance litter drainage, compared to broadleaf
litter.

As shown in Figure 6, litter drainage varied with rainfall amount. For light rain-
fall of less than 10 mm, 25% and 32% of rainfall was intercepted or evaporated by the
Q. acutissima and P. koraiensis litters, respectively, resulting in a decrease in the amount
of rainfall reaching the mineral soil. The portion of rainfall that drained increased as the
rainfall increased. These findings correspond with those of previous studies [10,23].
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4. Discussion

The water balance of leaf litter was analyzed based on lysimeter measurements. In this
study, total rainfall was partitioned into three components: retention, evaporation loss, and
litter drainage. Water balance analysis revealed a proportionately greater amount of litter
drainage due to lower water retention of leaf litter. The water retention values observed
at the end of a rainfall period fell within the range of interception storage reported by Li
et al. [10]. The amount of water retained is dependent on the initial moisture content of
the litter prior to rainfall. Leaf litter that is very dry will retain a larger proportion of the
rainfall arriving on the litter layer, and that which is close to the saturation point will retain
very little additional moisture. The influence of antecedent moisture conditions on water
dynamics in the litter layer was not quantitatively considered in this study.

Water retention per unit mass of leaf litter has been reported by previous studies
based on laboratory experiments. Sato et al. [9] reported that the maximum water retention
levels of Lithocarpus edulis (broadleaf litter) and Cryptomeria japonica (needle litter) were
1.56 mm and 1.59 mm, respectively, and the minimum retention of L. edulis and C. japonica
were 1.53 mm and 0.81 mm, respectively. Li et al. [10] reported that the average maximum
retention of broadleaf litter ranged from 3.96–6.56 mm for Q. variabilis and 5.26–6.25 mm
for Q. acutissima; however, the values for needle litter ranged from 0.35–0.43 mm for Abies
holophylla and 1.65–2.47 mm for Pinus strobus. Putuhena and Cordery [13] reported that
the maximum and minimum water retention of pine litter was 1.25 mm and 0.97 mm,
respectively. Compared to previous results measured in laboratories, the water retention
values derived from the in situ lysimeter experiments in this study are within the same
order of magnitude but exhibit wide variation due to the high variability of natural rainfall.

According to the lysimeter measurements in this study, water retention capacity was
10%–15% of the rainfall for storm periods. Other studies also published the water retention
of gross rainfall or annual value for different litter types as follows: 8%–12% for mixed oak
stands in India [29], 8%–16% for Quercus petraea, 12.1% for Pinus patula, 8.5% for Eucalyptus
grandis, and 6.6% for Acacia mearnsii in South Africa [30]. Gerrits et al. [16] found litter
interception to be as high as 22% in a beech forest and 18% in needle leaf litter in a cedar
forest, while Helvey and Patric [11] found litter interception to be 15%–34% in a poplar
stand in the USA. Comparison of the current study with these past studies is limited due to
differences in climate conditions, tree species, litter mass, and methods of measurement.

Litter drainage was indirectly calculated as the difference between the amount of
rainfall and the amount of water retained in the leaf litter. This concept is valid only if the
evaporation loss is neglected for shorter durations. Even if this condition is not satisfied, it
leads to a small discrepancy in almost all instances because the evaporation rate is too small
to have a substantial impact on the drainage calculation for a very short period [24,31].

The gravimetric method is the most widely used technique for the moisture determi-
nation of litter [6,7], where litter samples are transported to the laboratory for experimental
measurements. Although this is a very simple and accurate method, it disturbs the samples
and requires 12–24 h to dry in an oven to weigh the litter sample under dry conditions.
Therefore, the gravimetric method is not applicable to continuously measure the water
partitioning in field conditions. A field lysimeter is the best solution to quantify litter inter-
ception and retention under natural conditions [12]. Because the experiment is executed
in the original environment, litter samples are less disturbed compared to the gravimetric
method.

Naturally, some biological and pathological changes could have occurred during the
measurement period [32,33]. Decomposition can modify the physical characteristics of leaf
litter, resulting in a change in its weight [34], which would influence the hydrologic pro-
cesses in the litter by reducing its water retention capacity and resisting water penetration
into the layer. In this study, litter decomposition was not considered because it was the
intent of the experiment to obtain moisture measurements from relatively undisturbed
litter samples. Litter-decomposing fungi are also known to have higher water resistance
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(hydrophobicity) due to fungal mycelia [33], although they have rarely been observed in
litter samples.

5. Conclusions

The water retention capacity of leaf litter was estimated from lysimeter measurements
taken over a duration of 30 min. Regardless of rainfall characteristics, needle litter had
a greater capacity to retain rainfall than broadleaf litter did. During the experiment,
approximately 1.66 ± 1.72 mm per rainfall event was stored per unit mass (kg/m2) of
broadleaf litter after rainfall, while 2.72 ± 2.82 mm of rainfall reaching needle litter was
retained per unit mass (kg/m2). Approximately 83.7% of incident rainfall drained into the
uppermost soil layer below the Q. acutissima litter, whereas 84.5% of rainfall percolated
through the P. koraiensis litter. The depletion curves indicated that the water retained in the
Q. acutissima litter was more easily lost via evaporation than the P. koraiensis litter.

The duration and intensity of rainfall are known to affect litter water retention capacity.
Most previous studies have been conducted under limited conditions, where the short
duration and/or high intensity of artificial rainfall might lead to an underestimation of
the retention capacity of litter, likely due to the litter accumulation not being thoroughly
wetted prior to the simulated rainfall. On the contrary, as this study was conducted under
natural rainfall conditions, it resulted in a higher variation in retention capacity, likely due
to the variation in rainfall. Practically, the upper envelope curves derived from lysimetry
experiments can provide the upper boundary of the retention capacity, reflecting the effect
of rainfall characteristics under natural conditions.

This lysimetry experiment has some limitations. First, evaporation from the litter layer
has not been measured but can be derived in this study. It would require intensive field
experiments where hydrological components such as rainfall, evaporation, percolation, and
drainage are measured simultaneously. Second, litter decomposition as a result of fungal
and soil faunal activity also occurs over time. Changes in the physical traits of leaf litter
can affect hydrological function; however, this phenomenon was not considered in the
current study. Therefore, long-term measurements are required to accurately understand
the hydrological role of leaf litter, considering spatial and temporal variations in production,
accumulation, and decomposition.

This study highlighted the litter retention and evaporation processes. However,
relatively little is known on water dynamics occurring on the forest floor. Biomat flow
likely follows preferential flow paths through the litter layer. Further research can be
directed to the clear understanding of how biomat flow influences the residence time of
water within the layer, time to litter saturation, and, in consequence, the water retention
capacity of litter.
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